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PREFACE 

 
We thank the authors for their effort with the papers bound in these Proceedings. The ISF is 
fortunate to have a professional group of people, listed below, devoted to editing and 
formatting the papers that go into making the ISF Proceedings a valuable reference source. 
Besides Christian Lohrer, (European Section Director) and Mitsuru Arai (Asian Section 
Director), who pre-edited papers from Europe and Japan, respectively, we also had Pierre 
Thebault who promoted and edited the papers from France and similarly, Andrew Tang, for 
China. Once again, Bert von Rosen, besides performing some editing and a lot of formatting, 
also executed the final assembly of the Proceedings. 
 
On this occasion of the 15th ISF, MagicFire and Rho Sigma Associates sponsored a flash 
drive that every ISF registrant will receive. The flash drives are not only loaded with the 
Proceedings of the 15th ISF but all previous Proceedings. 
 
A Note Regarding Bordeaux ISF 
As with other ISF locations, it took several attempts to finalize a plan to host the ISF in 
France. The location of choice was proposed by the France Host Committee (FHC) as 
Bordeaux, a city of historical significance and of course in an area of great wines. 
 

There has always been a large presence of French 
pyrotechnicians, researches and regulators. They played a major 
role at the first ISF in Montreal in 1992. Besides attending and 
contributing to the first international Fireworks Harmonization 
Workshop which was part of the 1st ISF there were presentations 
such as, “Un outil industriel de sécurité (An industrial Safety 
Tool) by Jean-Paul Lucotte of Ruggieri” and “L’ensemble de 
lancement de feux d’artifice , ELFE D’ART (Fireworks 
Launching Equipment, ELFE D’ART) by Robert Maurel of 
Maurel Pyrotechnie. (The French delegations also travelled to 
Ottawa to attend the IGUS meeting which followed the 1st ISF.) 
 
Following the 1st ISF, other presenters from France included, 
Jean-Marc Mouligné, Dominique Lajeunesse, Raphaël 
Trousselle (Davey Bickford), Annik Keyser (Ministere de 
l’Economie, des Finances et de l’Industrie), Alain Jaillard-
Rakowski (Arts France), Isabelle Dufresne and Jean-Eric Ougier 
(Comite Departemental du Tourisme de L’Oise), 
Ruddy Branka (INERIS), Christian Michot (INERIS), Frederic 
Manzi and Dominique Vignolo (Vishay Sfernice), Pierre 
Thébault (Etienne LACROIX Tous Artifices), and others.  
 
The FHC, whose members are exceptional professionals in the 
field of fireworks have sourced a large number of interesting 
papers for presentations at this ISF, have arranged several 
outings, and have organized numerous fireworks displays. The 
outings are designed to reflect the varied personality of 
Bordeaux with its many flavours which will be accentuated by 
fireworks displays by some of the best companies in the world. 
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This 15th Edition of the International Symposium will be overseen by the Honorary Chairman, 
Pierre Thebault, a true pyrotechnician and academic with broad knowledge of the evolution 
of the art and science of pyrotechnics. He has so impressed us that he has agreed to serve as 
both the Honorary Chair and the Co-Chair of this ISF. This is the first time in the history of 
the ISF, that the same persona has held both titles. Congratulations and thank you, Pierre! 
 
When the first ISF was being planned for Montréal in 1992, it was imperative to have a logos 
and nomenclature in both official languages of Canada, French and English. The so called, 
“Ticket”, shown here, and used for the 1st ISF in Montréal, had the French on top and English 
on the bottom with the “Star” between them. A very appropriate logo, once again for this 15th 
ISF.  
 
When it came to have an ISF slogan that would impart the same meaning in English and 
French, the official federal government translators were at odds. And so, there would be no 
bilingual slogan! A way for me was the use of letters most often used in mathematical 
equations and that no one ever questioned. It would mean, using a third language, one that 
would find acceptance due to its deep roots of many words that seed many languages of the 
world. And so, I went back to the old Greek letters from which the term that bonds us, “pyro”, 
is the source, and our quest in the ISF slogan, discovering the fire, ΕΞΕΥΡΙΣΚΕΤΕ ΤΟ ΠΥΡ, 
continues. 
 
Ettore Contestabile 
ISF Chairman 
 
 
Greetings from the ISF Honorary Chairman and the Co-Chairman: Pierre Thebault 
In this 15th year of the 21st century, the 15th International Symposium on Fireworks will take 
place in Bordeaux (France). This conjunction of “fifteens” would have to be celebrated in a 
city of prestige and the ISF organizers honored the French pyrotechnic community by 
choosing Bordeaux as the host city for that special and unique event. Famous worldwide for 
its vineyards and wines, Bordeaux also has a long tradition of firework shows and the French 
Association of Manufacturers of Explosives, Pyrotechnics and Fireworks (SFEPA), together 
with the French Association of Pyrotechny (AF3P), are proud to have this opportunity to 
invite you to share the French passion for fireworks and the French taste for good wines. 
With the same objective of stimulating and rejoicing most of the five senses, these two 
domains have made similar and parallel progress in the last five centuries, while improving 
their traditional recipes and opening them to innovation as science was developing. 
Craftsmen have become technicians and scientists, without losing their original skills and 
aesthetic intentions, but using and understanding them in much better and safer ways, 
associating them with various new technologies, which made possible the large, dazzling and 
fascinating shows of our present times. 
 
As usual, these five days of September 2015 will give the opportunity to every participant of 
exchanging ideas and knowledge, presenting offers of new products and equipment, debating 
common problems and finding common solutions, establishing cooperation links or bases of 
fair and respectful competition, with a common will of making fireworks ever more attractive, 
ever more amazing, ever more innovative. 
Welcome in Bordeaux! 
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A STUDY ON THE STANDARDS OF MINIATURE FIREWORKS SHOW 
SHOOTING TECHNOLOGY IN CHINA 

 
 

 Shixing OUYANG 
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ABSTRACT 
 
Regulations relating to shooting miniature fireworks shows in mainland China were studied 
and this paper proposes a new concept of portfolio sets of products for miniature fireworks 
shows. 
 
A preliminary study on classification of miniature fireworks shows, product types, 
specifications of miniature fireworks, minimum safety distance, and the basic functioning of 
firing equipment was performed along with a study of transportation management of 
fireworks products, licensing permit for shooting, and a set of miniature fireworks products 
labeling system. 
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INTRODUCTION 
 

Miniature fireworks shows is a new developed type of fireworks show in mainland China. It 
has advantages of small scale, more variety, a small number of portfolio packages, low 
hazard risk, small shooting area, quick setup, and easy operation. However, there is no 
national standard being published or under development of technical requirement of shooting 
miniature fireworks show in mainland China so far. Such shooting of miniature fireworks is 
still in a sub-standard environment of which there is no available applicable standard that can 
be referenced. If we do not set out the appropriate shooting technical standards, it will result 
in confusion in safety and techniques of miniature fireworks show in a long run. Therefore it 
is important to propose a workable China national standard – preliminary called, Safety and 
technical requirement of Miniature Fireworks Display.   
 
This paper discusses three areas of miniature fireworks shows: 
1. Standardization criteria 
2. Basic requirements, and 
3. Management for miniature fireworks show. 
 
 

APPROACH 
 
1. Criteria of standardization of miniature fireworks show 
According to the fireworks product and setup, standards of miniature fireworks shows 
shooting in safety and technical requirement can be categorized into the eight elements. 
 
1.1 Definition 
Miniature fireworks shows are completely described in a standard, which is based on the 
scientific classification of miniature fireworks shows. 
 
1.2 Terminology 
Important terminologies relating to miniature fireworks shows are is described. 
 
1.3 Classification 
Classification uniquely used for miniature fireworks shows. 
 
1.4 Requirements of types, specifications, chemical content, quantity of fireworks 
Range allowed for different types of miniature fireworks, specifications, limitations on the 
chemical compositions, and limitation of quantities. 
 
1.5 Requirements of packaging, transportation and storage  
Requirements include inside and outside in packaging, transportation, and storage of 
fireworks products. 
 
1.6 Safety requirements for setting up and shooting 
The minimum safety distance between the audience and fireworks product during shooting 
and range of safety distance during setting up the show are described. 
 
1.7 Requirements of firing equipment  
Firing equipment for miniature fireworks must contain basic functions.  
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1.8 Requirements of operator 
Requirements of different qualifications and type of operators are described. 
 
2. The basic requirements of the standard of miniature fireworks show shooting 
 
2.1 Definition 
According to research and practice based on five years of experience, the author proposes the 
following definition of miniature fireworks shows. 

A Miniature fireworks show is a fireworks show excluding aerial shells, any combination 
(cake) of display shells larger than 3 inches diameter, or any aquatic fireworks with 
breaking charge. The total number of shots in a miniature fireworks show is less than 
5000 shots. It has a clear theme. It is setup and operated by professionals. 
 

2.2 Terminology 
2.2.1 Miniature fireworks show 
It is a show using fireworks except shells, but total shots are less than 5000 shots. 
2.2.2  Shooting 
Setup and shoot fireworks to display effect according to the design. 
2.2.3 Themes of fireworks show 
The main subject or purpose of miniature fireworks shows should be described. Examples are 
shown in Table 1. 
 

Table 1 - Meaning of Theme in Miniature Fireworks Show 
Theme Wedding Birthday Party Memorial College 

entrance 
Anniversary 
celebration 

Others 

Code 01 02 03 04 05 06 07 
 
2.2.4 Minimum safety distance 
Minimum horizontal distance between audience and of fireworks area when shooting, 
ignoring the effects of wind direction and wind speed.   
2.2.5 A set of miniature fireworks products 
Total product includes all the different types, specifications, and number in a miniature 
fireworks show. 
2.2.6 Transportation label 
Labels are pasted on the outside of each corrugated board box. It includes theme code, 
shooting number, manufacturer code, serial numbers of product, the total number of 
corrugated box containing product, the product set of product code, bar code of product 
transport, and other relevant information. 
2.2.7 Operating labels 
Labels must be placed on every product. It includes the position and the firing number of the 
products. 
2.2.8 Chemical content 
Chemical content is the total quantity of chemicals such as black power and different effect 
charges. 
 
2.3 Classification 
According to the miniature fireworks show using music which is a pyro-musical show, and 
without music, pyrotechnics show. 
 



5 

2.4 Types, specifications, Chemical Content, Class, Total number of fireworks 
2.4.1 Types and class of fireworks 
Apart from prohibiting display shells, it is not allowed to use any shell larger than 3 inches in 
diameter shells. Aquatic fireworks must not contain break charge shells. Others like assorted 
fireworks, lances, fountains, waterfalls, etc. are allowed. All the safety level of products 
belongs to class B or lower than class B. 
 
2.4.2 Specifications and Chemical Content (NEC) 
These specifications are shown in Table 2. 
 

Table 2 - Limitations of specifications and chemical content 

Product 
variety 

Specification 
Inner 

Diameter 
Chemical Content 

Total of 
number of 

shots 
Remark 

Cake < 51mm < 50g per shot 
< 3000g per item < 5000 shots 

Including 
single row 

cakes 
Comets，

mine < 51mm < 80g per shot   

Fountains  
< 60g per shot 

< 500g per item
（combination） 

  

Lance and 
pictures  < 30g per shot   

Waterfalls  < 100g per shot   
Note: Requirements of chemical content of other types of fireworks refers to GB10631-20133 China 
National Standard, Safety and Quality of Fireworks 
 

2.4.3 Other requirements of fireworks 
2.4.3.1 Fuse and Connection Device of Electric igniter  
All products are installed with a waterproof quick fuse. The outside color of the quick fuse 
should be silver, or red, or yellow. The connection device of electric igniter is installed at the 
end of the fuse. It is firmly connected between the fuse and the device. The device must bear 
a minimum tension of 1 kg without falling off from the fuse1.  
 

 
Figure 1 - Electric igniter connected device and installed fireworks 
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2.4.3.2 Comets and Mines 
There is an electric igniter setup hole in the bottom of the comets and mines. The hole is for 
installing a plastic type plug. An electric igniter can be smoothly installed after pulling out the 
plug from the hole of the comets and mines.  
2.4.3.3 Lance fireworks  
The products with explosive effect should not be allowed in lance fireworks. 
 
2.5 Protective requirements for fireworks products 
All fireworks products should be protected by waterproof and fireproof material before 
leaving the factory. It ensures that the products are not wet and accidentally ignited during 
setup or shooting. The waterproof material is material that does not burn when on fire such as 
polyethylene film. It must be a strong thickness and tension to prevent breakage during 
transportation or setup. Fireworks with broken polyethylene film will get wet in rainy days. 
Double-sided pure aluminum foil paper is used for fireproof materials. Do not use one side 
pure aluminum foil paper because it may cause burning, it may ignite other fireworks when 
shooting. 
 
2.6 Labels of fireworks for setup 
Fireworks for the show consists of different types, specifications, and quantity of product. For 
quickl and accurate construction, labels are placed on the outside of each product. 
The labels include the following six aspects: 
2.6.1 Product names 
2.6.2 Product specifications 
2.6.3 Duration of effect - Length of time is the duration of every products’ effect  
2.6.4 Launch Direction - It represents the direction of fireworks when shooting, left, right 
or vertical. 
2.6.5 Installation position of fireworks 
Some positions of shooting are designed for the show, and can be indicated, as example, from 
left to right by P1, P2, P3, etc. For example, a product is designed to be placed in the first 
point of a shooting area, will have its position No. on the label is P1. P represents the English 
word, "Position". 
2.6.6 Ignition order No. 
Ignition order No. represents a fireworks product’s order when shooting, such as S1, S2, S3, 
S4, etc. For example, the product is designed to be the sixth shot, its ignition order No. of 
label is S6. S is first letter of the English word, "shooting". 
 
Figure 2 shows an example of such a label. 
 

 
Figure 2 - Label of Setup 

 
2.7 Requirements for packaging, transportation and storage  
A miniature fireworks show is different from personal fireworks. They consist of a large 
range of fireworks. The basic unit of them is one set, not just one single product when 
packaging, transporting or storing. 
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2.7.1 Package 
2.7.1.1 The package of single product 
Single cake (including a row cake) should be packaged with brown packing paper. Comets 
and mines should be packaged with colorful paper. Labels of setup should be pasted on the 
surface of the packing paper of every product. 
2.7.1.2 Box products for transportation 
Box-packaged products for transportation should use over five-layer corrugated board. Labels 
of transportation should be pasted on surface of boxes. There should be a theme code, 
position No., manufacturer code and other code in the label (See 2.2.5 Transportation label). 
 
2.7.2 Transportation and storage 
For requirements of transportation and storage of miniature fireworks products, refer to 
personal fireworks. 
 
2.8 Safety requirements 
2.8.1 Minimum safety distance 
The products in the show are mostly cakes. Referred to large-scale fireworks parameters in 
safety and technical procedures2, minimum safety distance of the show are shown in Table 3. 
 

Table 3 - Outside Safety Distance 

Target Spectator（m） Building
（m） 

Important place
（m） 

Minimum safety 
distance 50 30 100 

Note 1: The safe distance only means on the land and over the water. 
Note 2: The building means those in the open air without man, or any flammable explosive things.  
Note 3: The important place is the places specified in GB16031-2013, Safety Management Ordinance of 
Fireworks in China3. 
 

2.8.2 Other safety requirements   
Safety warning signs in safety area are set up during setup and shooting. Non-professional 
people should not enter this area. Some observers should stay in shooting area - they are 
responsible for dealing with the dangers from fire and are equipped with fire-fighting 
equipment such as sand, foam extinguishers, headlamp, and water bucket.  
 
2.9 Performance of firing equipment   
According to the development of fireworks shows, pyro-musical is one of new trend of 
fireworks shows. More and more firing equipment for fireworks show have been invented. In 
order to reflect the standard firing system and future advancements, firing equipment for 
miniature fireworks shows should have the following eight functions: 
2.9.1 Have the checking function for detecting the line and the electrical ignition heads 
2.9.2 Automatic ignition when program is executed by wired or wireless 
2.9.3 Start, pause or stop when program is executed 
2.9.4 Synchronize the ignition while the music is playing 
2.9.5 Manual ignition during shooting 
2.9.6 Number of extension sets for ignition is expandable in a limited range 
2.9.7 The output voltage of the equipment must be in the safety range 
2.9.8 The minimum ignition interval is less than 1 second 
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2.10 Requirement of Operators 
2.10.1 Qualification of operator 
Operators and technicians must be qualified by the Ministry of Public Security of People's 
Republic of China. Operators are only needed for shooting on land. But except operators, a 
technician must command the area for setup and shooting. This area may be a water platform, 
mobile platform on land, aerial platform setup and other special area.  
2.10.2 Number of operator 
According to variety and number of fireworks, the number of operators is at least three on 
land. The number is more than five on the water platforms, mobile platforms on land, aerial 
platform setups, and other special areas. 
 
3. Management of miniature fireworks shows  
Miniature fireworks shows in China are new and existing rules and regulations have not yet 
been formulated. Therefore, the author advices that the related departments should amend the 
relevant rules and regulations as follows:  
3.1 Lower the requirements of qualified operators 
Operators who have the qualification of shooting from the Ministry Public Security of China 
or the provincial public security department are all allowed to shoot miniature shows. 
 
3.2 Register system for miniature fireworks shows 
Miniature fireworks shows can be put on record by the organizer to the country public 
security department within 24 hours. The record includes the organizer, operator, place, date, 
layout of product, and the safety plan of management of the show. 
 
3.3 A special code for a set of miniature fireworks shows 
In order to improve the efficiency of administrative examination, products of miniature 
fireworks shows are quickly identified during transportation and storage, and a set of 
miniature fireworks should be given a special code. Transportation of miniature fireworks 
increases in the permission process of the transport declaration system. The declarer reports 
the specific code of miniature fireworks products, containing the main product name, size and 
number of cases each miniature fireworks and other data, then submits to the relevant 
administrative departments of transportation via the network. 
The code consists of 24 Arabic numbers. 

Number 1 to 6 is for the manufacturer’s location of the administrative division code, 
Number 7 to 10 is the manufacturer code, 
Number 11 to 12 is the miniature fireworks theme code, 
Number 13 to 20 is the date of manufacture code, 
Number 21 to 24 is the group of miniature fireworks serial number for production of 
the same day.  

Every specific batch of fireworks contains a specific bar code. Quantity of bar code is the 
same to the quantity of boxes containing the products. Every set of fireworks has only one 
code, and this code is unique. It can be checked quickly and counted by computer. For 
example, 

The code of Liuyang, Hunan province is 430123, 
A factory code is 0012, 
The miniature fireworks show theme code is 01 (or 02 or 03), 
The production date of products is 2014 April (Month 04), 26th, 27th and 29th, 
The first serial number for first set of miniature fireworks product is 0001, the second 
serial number for second set of miniature fireworks product is 0002, and so on. 
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Then, the example Code is 430123001201201404260002. It consists of the following unist: 
430123       0012               01                 20140426           0002   
Area code; factory code;  theme code;  production date; product serial number 
 
The code means to produce second set of products of miniature fireworks show on April, 26th, 
2014 for 01 theme code of show (Figure 3 and Table 4). 
 

 
Picture 3 - Code for a set of miniature fireworks show 

 
 

Table 4 – Labelling requirement of sets of miniature fireworks products for transportation 

A set of Show Product No. Fireworks 
name 

Inner 
diameter 

Total Boxes 
of per show 

Quantity 
bar code 

430123001201201404260001 Cake 30mm 45 45 

430123001201201404260002 Cake 30mm 45 45 

430123001302201404270001 Cake 30mm 52 52 

430123001302201404270002 Cake 30mm 52 52 

430123001203201404290001 Cake 30mm 65 65 

430123001203201404290002 Cake 30mm 65 65 
Note : 1. There is a bar code label on the outside of each box containing products. All the same set of fireworks 
have the same labels.  

2. There might be cakes, comets, mines, fountains in one box. 
 
3.4 Permission for purchasing semi-finished or finished products from other fireworks 
manufacturers 
Article 40 cited in the "Fireworks production enterprise safety production license 
enforcement approach" (State Administration of Work Safety Order No. 54) shows: "......, 
states that enterprises shall not buy semi-finished or finished fireworks products from other 
companies, or sell or buy from other businesses, fireworks finished after the label is posted 
for sales, and fireworks semi-finished products shall not be sold to other companies. ....... ". 
In fact, every fireworks manufacturer of China cannot produce all varieties of fireworks. It 
usually meets the requirements of customers with the help of buying some semi-finished or 
products from other fireworks manufacturers. The author proposes to amend this Article 40. It 
should be allowed that fireworks manufacturer purchase semi-finished or fireworks products 
from other legal fireworks manufacturers. According to requirements, the manufacturer 
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combines a set of products for miniature fireworks shows. They sell with their own brand and 
they are responsible for the quality and safety of the products. 
 
Three benefits arise from the above proposal: 
Firstly, it will help fireworks manufacturers optimize the allocation of resources, reduce 
production costs, reduce the production process, simplify the assembly process, and improve 
the production efficiency. 
Secondly, it helps the manufacturers to select good quality and safe products consisting of a 
set good effects for miniature fireworks shows. 
Thirdly, it is beneficial to achieve safe, economical and easily target products for miniature 
fireworks shows.  
 
 

CONCLUSIONS 
 
Safety and technical standards are important for miniature fireworks shows. It will promote 
the development of miniature fireworks shows. The author advices that management 
departments, research institutions, fireworks manufacturers and enterprises, all join together 
actively in the formulation and implementation of a national standard, "Safety and technical 
regulations in miniature fireworks show" (GBXXXX-XXXX) as soon as possible. Miniature 
fireworks shows will be promoted to develop healthy and steady businesses in Chinese 
mainland. 
 
 

REFERENCES 
 
1. GB19595-2004, Fireworks: Fuse, National Standard of The People's Republic of China 
2. GB24284-2009, Large scale fireworks show, safety technology, National Standard of 

The People's Republic of China 
3. GB10631-2013, Fireworks: Safety and Quality, National Standard of The People's 

Republic of China 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 

STUDY ON THERMAL DECOMPOSITION 
CHARACTERISTICS OF HIGH-NITROGEN FUEL 

 

Xinggao Zhang, Wenlian Peng, Gengran Liu, Pai Wu,  
and Hongxin Shi 

State Key Laboratory of NBC Protection for Civilian 
CHINA 

 

15th International Symposium on Fireworks 
Symposium International sur les Feux D'artifice 

 
September 21-27, 2015 

le 21 au 27 septembre 2015 
 

Bordeaux, France 
 



 

12 

STUDY ON THERMAL DECOMPOSITION CHARACTERISTICS OF 
HIGH-NITROGEN FUEL 

 
 

Xinggao ZHANG, Wenlian PENG, Gengran LIU, Pai WU, Hongxin SHI 
State Key Laboratory of NBC Protection for Civilian, Beijing 102205,P.R. China 

xinggaozhang@aliyun.com 
 
 
 

ABSTRACT 
 
The development of environmentally friendly pyrotechnics for firework applications has 
garnered significant interest in recent years. The high-nitrogen fuels have  caught much 
attention by many scientists because of their potential use in civilian firework applications. 
The high-nitrogen fuels have been shown to be inherently more clean-burning than traditional 
carbonaceous fuels. The advantages of high-nitrogen fuels are their positive heats of 
formation and good thermal stability. The thermal decomposition characteristics of 
3,6-bis(1H-1,2,3,4-tetrazol-5-yl-amino) -1,2,4,5-tetrazine (BTATz) is studied by applying the 
thermal technique of DTA, DSC, high press DSC(PDSC), TG-DTG and T-jump/rapid 
scanning Fourier transform infrared spectroscopy (T-jump/FTIR). 
 
The thermal decomposition kinetic parameters and equation of BTATz are obtained using the 
Ozawa, Kissinger and Coats-Redfern method. Employing the Kissinger method provides the 
Ea and lgA values of BTATz as 317.41 kJ·mol-1, 28.07 s-1, respectively. The PDSC 
experimental results showed that BTATz is insensitive. From the results of the T-jump FTIR 
measurements and other thermal analysis, the possible thermal decomposition mechanisms of 
BTATz are suggested. BTATz is a promising fuel in fireworks compositions. 

 
 

KEYWORDS 
 
Fireworks, high nitrogen, thermal decomposition. 
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INTRODUCTION 
 
High-nitrogen compounds form a unique class of energetic materials deriving most of their 
energy from their very high positive heats of formation rather than from oxidation of the 
carbon backbone, as with traditional energetic materials. High nitrogen materials have a large 
number of N-N and C-N bonds and therefore possess large positive heats of formation. The 
high nitrogen content typically leads to high densities, and the low amount of hydrogen and 
carbon also allows for a good oxygen balance to be achieved more easily. Oxygen balance is 
a measure of the oxygen/fuel ratio in a compound. It has been previously demonstrated that 
high-nitrogen materials can show remarkable insensitivity to electrostatic discharge, friction, 
and impact.1-5 
 
The thermal decomposition characteristics of 3,6-bis (1H-1,2,3,4-tetrazol-5-yl-amino) 
-1,2,4,5-tetrazine (BTATz) are studied by applying the thermal techniques of DTA, DSC, 
high press DSC(PDSC), TG-DTG and T-jump/rapid scanning Fourier transform infrared 
spectroscopy (T-jump/FTIR). The possible thermal decomposition mechanisms of the 
high-nitrogen fuel are suggested. 

 
 

EXPERIMENTS 
 
Thermal properties of the compound was measured using a DSC, Perkin-Elmer Pyris-1 DSC 
instrument operating at different heating rates (β = 2, 5, 10 K/min) in nitrogen atmosphere 
with 1 mg of sample held in an aluminum cradle and DTA were undertaken at 10 K/min. A 
Perkin-Elmer Pyris-1 TG analyzer was used for thermogravimetric analysis. PDSC was 
performed on a TA-DSC910S instrument at different pressures (0.1, 2, 4 and 6 MPa) and at 
the heating rate of 10 K/min in nitrogen atmosphere with a 1 mg of sample.  
 
FTIR spectra of the decomposition products was recorded on a Nicolet (Nicolet 60SXR) 
spectrometer coupled with a in situ solid/gas reaction cell  made by CDS of USA. The 
sample was about 1.0 mg, contained in the in situ gas reaction cell , with the heating rate of 
the pyroprobe set at 700 K/min for a period of  10 s at 700oC. The infrared spectra were 
obtained using a MCT-A detector made in the USA. The heating rate of the solid reaction cell 
was 10 K/min. The sample’s mass was about 0.7 mg and had a mass ratio of the HNEMs to 
KBr of 1:100. The data were collected as11 files/min with 8 scans/file with a resolution of 4 
cm-1. The spectrometer employed a DTGS detector. 
 
 

RESULTS AND DISCUSSION 
 
The apparent activation energy (Ea), the pre-exponential factors (lgA) and the mechanism 
functions (G(α)) are calculated using the Ozawa, Kissinger and Coats-Redfern method and 
are based uponthe DSC original data. The kinetic parameters of decomposition derived using 
different methods are in good agreement. 
 
DSC results revealed that BTATz shows a single stage exothermic decomposition peak at 
304-317oC at the heating rate of 2-10 K/min with the heat evolution of 564.0 J·g-1 (Figure 1). 
The calculated values for Ea, based on the Ozawa and Kissinger method, was found to be 
311.06 and 317.41 kJ·mol-1. 
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Figure 1 - DSC of BTATz (β = 10.0 K/min) 

 
Table 1 - The kinetic parameters and mechanism functions of BTATz 

β 
 
 

/K·min-1 

Tp 
 
 

/oC 

Ozawa 
method 

Kissinger method Coats-Redfern method 

Ea 
/kJ·mol-1 

Ea 
/kJ·mol-1 

lgA 
/s-1 

Ea 
/kJ·mol-1 

lgA 
/s-1 

G(α) 

2 303.95  
311.06 

 
317.41 

 
28.07 

364.69 32.34 
5 313.68 293.20 25.76  

10 317.18 344.60 30.45  
 

 
With the calculated kinetic parameters and the mechanism functions, Equation (1) is used to 
derive the kinetic Equation (2) for BTATz. The decomposition of this compound is controlled 
by the formation and growth of a common transition state intermediate, and the mechanism 
of the decomposition reaction obeys the Avrami-Erofeev equation (n = 1.5). 
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Thermolysis on PDSC 
The DSC data curves for BTATz,at the pressures of 0.1, 2, 4, 6 MPa, are shown in Figure 2. 
It can be seen in the figure that there is a relatively narrow temperature range over which a 
sharp heat flow peak appears with a maximum at approx. 320oC.  
 
The value of the onset temperature for the exothermic peak (Tonset) and the temperature of the 
exothermic peak (Tp) are not affected by the change in the pressure. The △Hdecomp of BTATz 
decreases with the pressure, due to the endothermic formation of HCN. 
 

5.1/1)]1ln([ 
5.1/1)]1ln([ 
5.1/1)]1ln([ 
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Figure 2 - PDSC curves of BTATz 

 
Table 2 - The PDSC data of BTATz and TAGZT 

Sample P / MPa Tonset  
/oC 

TP 
/oC 

△Hdecomp  
/(J·g-1) 

BTATz 0.1 306.18 321.79 2202 
2 305.75 321.18 2078 
4 306.92 321.43 2007 
6 308.44 324.16 1997 

 
Thermolysis on TG-DTG 
The TG measurements of BTATz (Figure 3) show a complete, residue-free thermal 
decomposition of the entire molecule in two main decomposition steps. The maximum heat 
flow temperatures in the DTG were at 332.4 and 493.4oC. The first decomposition step 
(280-340oC) results in an approximately 40% mass loss, consistent with the opening of the 
tetrazole and tetrazine rings. In the second exothermic decomposition step at about 490oC 
further conversion to smaller molecules takes place, with the decomposition complete at 
about 560oC. Moreover, both the first and second exothermic decomposition steps involve 
overlapping degradation processes. 
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Figure 3 - TG- DTG spectra of BTATz (β=10.0 K/min) 
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Decomposition products and pathway 
Figure 4 shows the decomposition gases detected by FTIR spectroscopy which are released 
during heating at 10 K·s-1 in air. Right from the beginning of thermal decomposition, NH3, 
H2O, NO2 , HCN, N2O, CO, NH2CN are detected as gaseous products, and then CO2 is 
detected (Figure 5). We conclude that the CO2 is formed by the oxidation of CO in the air. 
Figure 6 shows the final gas products which are IR-active. 
 

 
Figure 4 - IR spectra of gases evolved from BTATz (β = 700.0 K/min) 
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Figure 5 - Intensity vs. time curve of the main peaks of gas products of BTATz 

decomposition 
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Figure 6 - IR spectrum of BTATz decomposition gases detected at 11 s 
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The FTIR spectroscopy of solid products for BTATz thermal decomposition is shown in 
Figure 7. The relative peak intensities for the characteristic groups in the thermal 
decomposition products for BTATz vs. time are shown in Figure 8. It can be clearly seen in  
Figures 7 and 8 that the IR spectra of the BTATz decomposition solid has absorption bands 
centered at 2900-3330 cm-1 and 1400-1490 cm-1. With increased time, the intensity of the 
characteristic absorption peaks of C-N group at 1409 cm-1 and –NH- group at 3019 cm-1 

decreased rapidly.  
 
Triazine structures crosslinked by -NH- can be identified in the FTIR spectra by the 
characteristic absorption at 810 cm-1. The compound 2, 5, 8-triamino- tri-s-triazine (melem) 
and 2, 4, 6-triamino-s-triazine (melamine) have the triazine structure. Because melem can be 
formed from melamine, and is stable up to 560oC, it appears last. The bands around 2160 
cm-1and 1315 cm-1 belong to ammonium azide (NH4N3) and polyamine, respectively. 
Ammonium azide is produced from the recombination of ammonia NH3 and hydrogen azide 
(HN3). 6-8 
 

 
Figure 7 - IR spectra of the solid products of BTATz 

thermal decomposition (β = 10.0 K/min) 
 

 
Figure 8 - The relative intensity of the characteristic groups of the solid decomposition 

products vs. time 
 

In previous studies it was shown that the decomposition of substituted tetrazole and tetrazine 
structures is initiated by ring opening reactions. On closer inspection of the BTATz molecule 
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which consists of both tetrazole and tetrazine ring units just like 3, 6-Bis 
(2H-tetrazole-5-yl)-1, 2, 4, 5-tetrazine (BTT), and on the basis of the previous experimental 
results,3 two formal and idealized pathways of BTATz decomposition are shown in Figure 9. 

 

 
Figure 9 – Simplified predicted decomposition pathways of BTATz 

 
The first proposed pathway is solely based on the tetrazole ring opening by forming 
bis-cyanotetrazine, which immediately collapses to cyanogen and N2 (Figure 9 (1)). The 
second proposed pathway is based on the tetrazine ring opening by forming cyanotetrazole, 
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which consecutively collapses again to cyanogen and HN3 (Figure 9 (2)). Although HN3 is a 
key intermediate during tetrazole ring degradation it could not be clearly identified in the 
decomposition gases of BTATz. Becauseof the low thermal stability of HN3 at the high 
decomposition temperatures, only its consecutive reaction products, are detected (Figure 9 (3) 
and (4)). However, at lower temperatures, HN3 was detected in the IR by its characteristic 
absorption band at 2135 cm-1 as observed in the spectra of its in situ synthesis. 
 
A number of consecutive gas phase reactions can be formulated, such as (4) and (5) of Figure 
9, which explain the evolution of further amounts of NH3 (3338, 972, 937 cm-1), HCN (719 
cm-1), N2 and also H2N-CN. These compounds are detected in the IR as decomposition 
product gases of BTATz. NH4N3 (Figure 9 (3)) and melem (Scheme 4 (6) and (7)) are the 
principal solid thermolysis products of BTATz. 
 

 
CONCLUSIONS 

 
The thermal decomposition kinetic parameters and equation for BTATz are obtained based 
upon the Ozawa, Kissinger and Coats-Redfern method. Using the Kissinger method, the 
derived Ea and lgA values for BTATz are 317.41 kJ·mol-1and 28.07 s-1, respectively. The 
PDSC experimental results showed that BTATz is insensitive. On the basis of the results of 
T-jump FTIR experiment and other thermal analysis, the possible thermal decomposition 
mechanisms of BTATz are proposed. BTATz is a promising fuel in fireworks compositions. 
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ABSTRACT 
 

The infrared spectrograph and particle size distribution of graphite were collected by 
preforming, lyosol and smokebox experiments to calculate its extinction coefficient. The 
extinction efficiency factors are worked out based on the particle sizes from experiments 
using the Smoke Extinction-C program. The graphite-influencing extinction factors are 
analyzed based on the experimental results.  
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INTRODUCTION 

 
Development and improvement of smoke agents are always a challenge in smokescreen 
technology, and the study on its extinction mechanism is a precondition and key in the 
technology1. Composite graphite is the leading anti-infrared smoke agent used in China’s 
military pyrotechnic articles, and it is currently also one of the smoke agents with best 
infrared performance. Its interfering effect on infrared is superior to other military smoke 
agents such as red phosphorus. However, there is little research being performed on graphite 
extinction mechanism and properties in current foreign and domestic studies2. Xiao Jianjun et 
al. studied the extinction of phosphorus smoke at 3-5 μm and 8-14 μm with time, relative 
humidity and optical constant, and predicted the extinction mechanism of phosphorus smoke 
by the Mie-Skk theory.3 They designed a C++ software program for extinction calculation for 
such rotation smoke particles as sphere and column and proved the reliability and precision of 
the software for calculation of the rotation smoke particles by comparison with known data, 
analysis of numerical convergence and exploration of effective scope in use. 
 
Current domestic work focuses on the impact of particle size on extinction, but less analysis 
on materials. This restricts the development of China’s smokescreen technology to some 
extent. Thus, the study on obscuration characteristics of graphite smoke agents in experiment 
and theory is of significance in investigating the principle of obscuration, and improvement 
and development of new smoke agents. 
 
According to the atmospheric optical theory, attenuation of smoke particles to infrared 
radiation is mainly caused by its scattering and absorption of incoming electromagnetic 
waves. The three demonstrative parameters - extinction efficiency factor Qe, scattering 
efficiency factor Qs and absorption efficiency factor Qa, describing extinction, scattering and 
absorption capacity of single particle, can be solved precisely4,5. 
 
Supposing the line parameter of smoke particle is given as x，and refractive index is m，
then, Qe, Qs and Qa are determined respectively as follows:  
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Where, x = 2πr/λ，r is the radius of the smoke particle, λ is the incidence wave length, and 
Re represents the real part of the index of refraction. Both an and bn can be expressed by the 
following expressions:  
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Where, m = mr - imi，mr and mi represent real part and imaginary part of refractive index.  
 
 

EXPERIMENTS 
 

Procedure 
The experiment for the graphite powder was performed using the FTIR spectrograph. The 
spectrograph applies a DTGS detector. The ultra-fine graphite is selected as samples, and a 
0.5 mm polyethylene film was used as the window material. Some graphite powder samples 
were dried in a drying oven at 120℃ over 4 hours, and a #160 (0.102 mm) dispersing sieve 
was used for collection. The mass ratio of sample and KBr was controlled between 1:150 - 
1:200, at a total mass of 200 mg or so and at a pressure of 10 MPa for 10 minutes. The 
samples were compressed into flakelets, and the infrared spectrogram was collected using the 
FTIR spectrograph (Figure 1). In the experiment, the laser particle analyzer was used to 
measure the graphite particle size d = 0.39 μm.  

 

 
Figure 1 - Infrared spectrograph of graphite preforming  

 
Lyosol experiment 
The lyosol dispersing experiment was done for graphite powder using FTIR spectrograph and 
sample pool. The spectrograph applies the MCT detector with a 0.36 mg graphite sample, 20 
ml carbon tetrachloride liquid and 3-cm-thick sample pool. The graphite sample was 
weighted accurately with a balance, and placed into clean bottles. Carbon tetrachloride liquid 
was drawn into small bottles with a disposable needle tube, and set into a supersonic cleaner 
for oscillation after they are sealed, so that the particles will suspend in the liquid evenly and 
completely. The suspension was then drawn into sample pools with a needle tube, and 
quickly scanned using the spectrograph. Three measurements were taken to obtain an average 
value. As seen from Figure 2 and based on Lambert-Beer’s Law, Mc(3-5 μm) = 0.39 (m2/g) 
and Mc(8-14 μm) = 0.88 (m2/g).  
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Figure 2 - Experimental infrared spectrogram of graphite liquid  

 
Smokebox experiment 
The dispersing experiment was done for graphite powder using FTIR spectrograph. In the 
experiment, the laser particle analyzer was used to measure the size of the graphite particle 
(Figure 3), d = 4.2 μm.  

 
Figure 3 - Infrared spectrogram of graphite smokescreen in different concentrations 

 
Spectra analysis 
If the small smokebox was used for the experiment, the cumulative sample-adding method 
was employed to change the concentration of the smoke agent. If the mid-size smokebox was 
used, the natural sedimentation method was employed to change the concentration of smoke 
agent. If the liquid sample pool was used to do the liquid dispersing experiment, the changing 
curves of different concentration and absorptivity could be obtained. 
 
The infrared spectrogram is obtained and processed using the FTIR spectrograph. It is seen 
that that absorptivity changes in a linear way with concentration. However, in the 
experimental dispersing process, the particle coagulation occurred possibly due to 
electrostatic interaction if the graphite was in a too high concentration, so that the distribution 
of the spectral line is affected to reduce effective extinction capability. So, the material should 
be improved to form the effective formula for application. 
 
It was found from the contrast experiment spectrogram that graphite is a simple substance, 
and no characteristic absorption peak occurs in the obtained spectrogram. But in the 
smokebox experiment, different absorption is seen in the spectrogram. This could be due to 
the scattering effect of the graphite particles.  
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NUMERICAL SIMULATION 
 
Calculating results 
Qe, Qs and Qa were calculated at wave bands of 3-5 μm and 8-14 μm using the “Smoke 
Extinction-C” program. Based on the experimental results, the particle diameter was assumed 
to be, d = 0.39 μm, and the refractive index was taken from the literatures6.  
 
It is seen from Figure 4 that the absorption effect takes hold in the extinction effect of 
graphite particles at a particle size of d = 0.39 μm. Figure 5 shows that the scattering effect 
takes hold in the extinction effect of graphite particles at a size of d = 4.2 μm. Both confirm 
the conclusions drawn by the smokebox experiment. It is clearly known from the contrast in 
Figure 6 that there is a stronger extinction effect of graphite particles at infrared waveband of 
3-5 μm, at a size of d = 0.39 μm, while a stronger extinction capability of graphite particles is 
available at a size of d = 4.2 μm in the infrared band of 8-14 μm. 
 

 
Figure 4 - Extinction efficiency curves of 0.39 μm graphite particles 

 
 

 
Figure 5 - Extinction efficiency curves of 4.2 μm graphite particles 
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Figure 6 - Extinction efficiency curves of two sizes of graphite particles 

 
 
Relation of extinction characteristics and particle size 
The extinction efficiency factor was determined for different sizes at λ = 5 μm and 12 μm by 
the program.  

 
Figure 7 - Extinction efficiency curves of graphite particles in different sizes at λ = 5 μm 
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Figure 8 - Extinction efficiency curves of graphite particles in different sizes at λ = 12 μm 

 
It is found from Figures 7 that when the wave length λ = 5 μm, Qs, Qa and Qe of smoke 
increases with particle size. After the size comes to maximum, Qs changes less, while Qa 
decreases with particle size, so that Qe decreases. When the particle size is 1.2 μm, 
corresponding to Qs at λ = 5 μm, the particle size is 0.4 μm corresponding to Qa peak value, 
and the particle size is 0.8 μm corresponding to Qe peak value. 
 
When the wave length λ = 12 μm, (Figure 8) Qs, Qa and Qe increases with particle size. When 
the size reaches the maximum value, Qs increases less, while Qa decreases with the particle 
size, so that Qe remains unchanged basically. The particle size is 0.8 μm at λ = 12 μm 
corresponding to the Qa peak value, and the particle size is 1.6μm corresponding to the Qe 
peak value.  
 
The absorption efficiency of graphite particles is higher than the scattering efficiency within 
two areas at wave length λ = 5 μm, the size d < 0.7 μm and λ = 12 μm, particle size d < 1.2 
μm. After that, the scattering efficiency becomes stronger gradually, and accordingly the 
absorption efficiency becomes weaker and weaker with particle size; the scattering efficiency 
is higher than the absorption efficiency. This coincides with the experimental results.  
 
Effect of absorption in extinction 
Strong or weak absorption of aerosol to radiation has a close relationtionship with the 
absorption performance of dispersion phase material itself to radiation. The stronger the 
absorption of the material itself is, the better the absorption performance of the aerosol.  
 
The following expression is available at a specific wave length (λ) for the plane wave 
transmitting along the X direction in a unlimited uniform conducting material7:   
 

)]2(exp[)2exp(0 




 nxtixkEE   (6) 
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Where, E is the electric field intensity, λ is the wave length, n and k are the real and 
imaginary part of the complex refractive index respectively, x is distance, ω is angular 
frequency, and t is time.  

 
The damping term containing k in the above expression means that the amplitude of the wave 
will damp to 1/e of the initial value in the absorption of material to radiation after the distance 
x =λ/2πk. The absorption coefficient of an unlimited uniform material is8:  
 


ka 4

      (7) 

Where, a represents absorption coefficient of the unlimited uniform material.  
 
Thus, the bigger the k value, the bigger the absorption coefficient of the material. The virtual 
refractive index itself is a function of material conductivity9:  

])[(
2
1 2/1

2
0

2
22

rrk 

                  (8) 

Where, εr is relative dielectric constant, σ is the conductivity at a optical frequency, ϖ is 
angular frequency, and ε0 is vacuum dielectric constant. 
 
It is seen from above three expressions that the better the electrical conductivity of the 
material, the stronger the absorption of radiation, and the better the absorption performance 
of the aerosol formed by the material. The conductivity of graphite is 2.5×106 (ΩM)-1. Thus, it 
has very strong absorption performance to radiation. 
 
It is seen from Figure 9 that the extinction efficiency is maximum at the size of 0.8 μm at λ = 
5 μm. After that, though the particle size becomes big, the extinction efficiency does not 
changes obviously. The extinction efficiency increases sharply then the particle size becomes 
big at a size of 1.2 μm at λ = 12 μm. By contrast, the optimal extinction particle size of 
graphite particles is 1.2 μm.   
 

 
Figure 9 - Extinction efficiency curves of graphite particles in different sizes at different 

wavebands 
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CONCLUSIONS 
 
The extinction mechanism of graphite particles was analyzed in experiment and numerical 
simulation. The infrared spectrogram of graphite smokescreen in different concentrations was 
obtained by the smokebox experiment, and conclusion was drawn that the absorption effect 
takes hold in the extinction effect of graphite particles at the particle size of d = 0.39 μm by a 
comparison of calculation results from numerical simulations; the scattering effect takes hold 
in the extinction effect of graphite particles at the particle size of d = 4.2 μm. The optimal 
extinction particle size of graphite particle is 1.2 μm. The extinction coefficient of graphite is 
determined by the lyosol dispersing experiment, i.e. Mc (3-5 μm)=0.39 (m2/g) and Mc (8-
14μm) = 0.88 (m2/g). The absorption plays an important role in the extinction characteristics 
of the material. The better the conductivity of the material, the stronger the absorption to 
radiation, and the better the absorption performance of aerosol formed by the material. With 
the higher conductivity, graphite has very strong absorption to radiation.  
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ABSTRACT 
 
For over a decade, there has been interest in the development of environmentally friendly 
pyrotechnics for military and civilian applications. The high-nitrogen fuels have caught much 
attention by many scientists because of their potential use in civilian fireworks applications. 
The high-nitrogen fuels have been shown to be inherently more clean-burning than traditional 
carbonaceous fuels. Rather than deriving their combustion energy from the oxidation of a 
carbon backbone, high-nitrogen compounds derive their energy from their high heats of 
formation, attributed to the substantial amount of environmentally benign nitrogen gas 
released upon combustion of these materials. 
 
The thermal decomposition characteristics of triaminoguanidinium azotetrazolate (TAGZT) 
were studied using the thermal techniques of DTA, DSC, high pressure DSC (PDSC), TG-
DTG, and T-jump/rapid scanning Fourier transform infrared spectroscopy (T-jump/FTIR). 
The thermal decomposition kinetic parameters and equation of TAGZT are obtained using 
the Ozawa, Kissinger and Coats-Redfern methods. Employing the Kissinger method provides 
the Ea and lgA values of TAGZT as 231.87 kJ·mol-1 and 25.01 s-1, respectively. The PDSC 
experimental results showed that TAGZT is insensitive. From the results of the T-jump FTIR 
measurements and other thermal analyses, the possible thermal decomposition mechanisms 
of TAGZT are suggested. TAGZT is a promising fuel in fireworks compositions. 
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INTRODUCTION 
 
For over a decade, there has been interest in the development of environmentally friendly 
pyrotechnics for military and civilian applications. The high-nitrogen fuels have caught much 
attention by many scientists because of their potential use in civilian fireworks applications. 
The high-nitrogen fuels have been shown to be inherently more clean-burning than traditional 
carbonaceous fuels. Rather than deriving their combustion energy from the oxidation of a 
carbon backbone, high-nitrogen compounds derive their energy from their high heats of 
reaction, attributed to the substantial amount of environmentally benign nitrogen gas released 
upon combustion of this materials1-5. 
 
The thermal decomposition characteristics of triaminoguanidinium azotetrazolate (TAGZT) 
was studied by applying the thermal techniques of DTA, DSC, high press DSC (PDSC), TG-
DTG and T-jump/rapid scanning Fourier transform infrared spectroscopy (T-jump/FTIR). 
The possible thermal decomposition mechanisms of the high-nitrogen energetic compound 
are suggested. 
 
 

EXPERIMENTAL 
 
Thermal properties of the compound was measured using a DSC, Perkin-Elmer Pyris-1 DSC 
instrument operating at different heating rates (β=2, 5, 10 K/min) in a nitrogen atmosphere 
with a 1-mg sample held in an aluminum cradle and DTA were undertaken at 10 K/min. A 
Perkin-Elmer Pyris-1 TG analyzer was used for thermogravimetric analysis. PDSC was 
performed on a TA-DSC910S instrument at different pressures (0.1, 2, 4 and 6 MPa) and at 
the heating rate of 10 K/min in a nitrogen atmosphere with a 1-mg sample. 
 
The FTIR spectra of the decomposition products were recorded with a Nicolet (Nicolet 
60SXR) spectrometer coupled with an in situ solid/gas reaction cell made by CDS in the 
USA. T-jump/rapid scanning Fourier transform infrared spectroscopy (T-jump/FTIR) was 
used for the gas product analysis. The sample was about 1.0 mg, contained in the in situ gas 
reaction cell, was heated at the rate of 700 K/min and held for 10s at 700oC. The infrared 
spectra were obtained using a MCT-A detector made in the USA. The heating rate of the 
solid reaction cell was 10 K/min. The data were collected as 11 files/min with 8 scans/file and  
recorded at a resolution of 4 cm-1. The infrared spectrometer employed a DTGS detector. 

 
 

RESULTS AND DISCUSSION 
 
Thermolysis on DSC 
The apparent activation energy (Ea), the pre-exponential factors (lgA) and the mechanism 
functions (G(α)) were calculated using  the Ozawa, Kissinger and Coats-Redfern methods 
and are based upon  the DSC original data. The kinetic parameters of decomposition derived 
using different methods are in good agreement (Table 1). 
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Table 1 - The kinetic parameters and mechanism functions of TAGZT 
β  
 
 

/K·min-1 

Tp 
 
 

/oC 

Ozawa 
method 

Kissinger 
method 

Coats-Redfern method 

Ea  
/kJ·mol-1 

Ea  
/kJ·mol-1 

lgA 
/s-1 

Ea  
/kJ·mol-1 

lgA  
/s-1 

G(α) 

2 199.5  
228.07 

 
231.87 

 
25.01 

223.79 24.21 5.1/1)]1ln([   
5 207.6 203.27 21.49 5.1/1)]1ln([   
10 212.1 184.35 19.55 5.1/1)]1ln([   
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Figure 1 - DSC of TAGZT (β = 10.0 K/min) 

 
The DSC results revealed that TAGZT has a single stage exothermic decomposition peak at 
212.1oC  (Figure 1) and at the heating rate of 10K/min a heat evolution of 1795 J·g-1. 
 
With the calculated kinetic parameters and the mechanism functions, Equation (1) is used to 
derive the kinetic Equation (2) for TAGZT. The decomposition of TAGZT is controlled by 
the formation and growth of a common transition state intermediate, and the mechanism of 
the decomposition reaction obeys the Avrami-Erofeev equation, with n = 1.5. 
 

RT
E

E
AR

T
G a

a




 ln])(ln[ 2
      (1) 

3/1401.25 )]1ln()[1)(/107889.2exp(105.1 
 T

dt
d   (2) 

 
Thermolysis on PDSC 
The DSC data for TAGZT at the pressures of 0.1, 2, 4, 6 MPa are shown in Figure 2. It can 
be seen in the figure that there is a relatively narrow temperature range over which a sharp 
heat flow peak appears with a maximum at approximately 210oC. 
 
The value of the onset temperature for the exothermic peak (Tonset) and the temperature of the 
exothermic peak (Tp) were clearly not affected by the change in the pressure. Due to an 
acceleration in the decomposition of the TAGZT attributed to the confinement of the 
decomposition products, the apparent decomposition rate seen as the exothermic peak 
(ΔHdecomp), increases with the increasing pressure (Table 2).  
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Figure 2 - PDSC curves of TAGZT 

 
Table 2 - The PDSC data of TAGZT 

Sample P  
/MPa 

Tonset  
/oC 

TP  
/oC 

△Hdecomp  
/(J·g-1) 

TAGZ
T 

0.1 206.78 213.30 1795 
2 203.17 207.97 1805 
4 202.73 207.38 1921 
6 202.86 207.20 2028 

 
Thermolysis on TG-DTG 
The TG measurements of TAGZT (Figure 3) show a complete, residue-free thermal 
decomposition of the entire molecule in two main decomposition steps. The maximum heat 
flow temperature in the DTG was at 204oC. The first decomposition step at 208oC results in 
an approximately 63.67% mass loss, consistent with the opening of the tetrazole ring. In the 
second exothermic decomposition step at about 215oC complete degradation takes place, with 
the decomposition being complete at about 227oC. Moreover, both the first and second 
exothermic decomposition steps involve partially overlapping degradation processes. 

 

 
Figure 3 - TG- DTG spectra of TAGZT (β = 10.0 K/min) 
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Decomposition products and pathway 
Figure 4 shows the decomposition gases, detected by FTIR spectroscopy, which are released 
during heating at 10 K·s-1 in air. Right from the beginning of thermal decomposition, 
NH3,HCN,CO, HNCO, and NH2CN are detected as gaseous products, and later CO2 is 
detected (Figure 5). We can conclude that the CO2 is formed by the oxidation of CO in the air. 
Figure 6 shows the final gas products which are IR-active. 

 

 
Figure 4 - IR spectra of gases evolved from  TAGZT (β = 700.0 K/min) 

 

 
Figure 5 - Intensity vs. time curve of the main peaks of gas products of TAGZT 

decomposition 
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Figure 6 - IR spectrum of TAGZT decomposition gases detected at 11 s 

 
The FTIR spectra of solid products of TAGZT thermal decomposition are shown in Figure 7. 
Clearly seen are absorption bands in the ranges of 2900-3330 cm-1 and 1350-1600 cm-1. With 
the increase of time, the intensity of the characteristic absorption peaks of the C-N group at 
1384 cm-1 and the –NH- group at 1685, 1613 cm-1 decreased rapidly. 
 
The band around 2160 cm-1 is assigned to ammonium azide (NH4N3). Ammonium azide is 
produced from the recombination of ammonium NH3 and hydrogen azide (HN3). 

 

 
Figure 7 - IR spectrogram of solid products for TAGZT thermal decomposition 

(β = 10.0 K/min) 
 
In previous studies it was shown that the decomposition of substituted tetrazole and tetrazine 
structures is initiated by ring opening reactions6,7. Based upon those studies and the results 
reported herein, the idealized pathways of TAGZT decomposition are shown in Figure 8. 
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Figure 8 - Idealized pathways of TAGZT 

 
The role of HN3 as a key intermediate during tetrazole ring degradation is clearly shown in 
Figure 2, reactions (3) and (5), although it is not observed directly in the decomposition gases 
of TAGZT. Because of its low thermal stability at the high decomposition temperatures, only 
its consecutive reaction products were detected. However, at lower temperatures, HN3 was 
detected in the IR by its characteristic absorption band at 2135 cm-1 as observed in its in situ 
synthesis. 
 
A number of consecutive gas phase reactions such as (2) and (3), in Figure 8, can explain the 
evolution of further amounts of NH3 (3338, 972, 937cm-1), HCN (719 cm-1), N2 and HNCO. 
These compounds were detected in the IR as decomposition gases of TAGZT. NH4N3 is the 
main solid thermolysis product of TAGZT.  
 
 

CONCLUSIONS 
 
The kinetic parameters and equation for TAGZT were obtained by DSC. The thermal 
decomposition of TAGZT follows the Avrami-Erofeev equation with n = 1.5. The 
decomposition of TAGZT is affected by pressure, though moderately. The proposed 
decomposition pathways for TAGZT are consistent with the thermolysis data. TAGZT is a 
promising fuel for fireworks compositions. 
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ABSTRACT 
 
The Time/Pressure (T/P) test and US DDT test are two major tests used to determine DDT 
properties of fireworks compositions. However the results of these tests are not always 
consistent with each other. In order to clarify this inconsistency, a scale-up T/P test was 
performed for known flash compositions and non-flash compositions, because one of the 
major differences between those two tests is sample size (mass). The comparison between the 
results of largescale T/P test and the HSL flash composition test of those compositions are 
discussed herein.  
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INTRODUCTION 
 

Knowing the mass explosion hazard of fireworks shells is essential to preventing a large 
disaster caused by fire of fireworks shells under storage or transportation. However, 
evaluation of mass explosion hazard of fireworks shells is not easy. 
 
Although the test series 6 (C) in “The Recommendation on the Transport of Dangerous 
Goods”1 (the UN recommendation, hereafter) is a standard test method to evaluate the mass 
explosion hazard for them, the default classification system (DCS) in the UN 
recommendation can be used to do that for fireworks shells much easier and less expensively. 
In this DCS, fireworks aerial shells containing 25 wt% or more flash compositions are 
thought to have mass explosion hazard and are classified into 1.1. The flash composition is 
defined as a composition having a TPR of 6 ms or less, where the TPR is the mean time for a 
pressure rise from 690 to 2,070 kPa in the HSL flash composition test (HSLfct hereafter). 
However, the HSLfct is known to give false positive results, especially for some bursting 
charges and black powders (Table 1). According to the conclusions of the CHAF project2, the 
mass explosion hazard of fireworks could be evaluated by the maximum rate of reaction for 
those fireworks in the sealed pressure vessel, and the TPR of the HSLfct can be used as 
representative value for the maximum rate of reaction without any verification. 
 
While real fireworks aerial shells contain some 100 to 1,000 g of fireworks composition, the 
test requires only 0.5g of sample weight. Although the smaller the sample weight for testing, 
the safer the test itself, especially for the testing of energetic materials, this small sample 
weight might be the reason why the HSLfct gives contradictory result to the test series 6 (C). 
Here, the relation between sample weights and deflagration properties for fireworks 
compositions was studied to clarify the problem of the HSLfct. 
 
Table 1 - TPR for typical mass-explodable and non-mass-explodable fireworks compositions 

Compositions mass explosion TPR  /ms 
Salute yes 0.56 
Waterfall yes 1.76 
Bursting Charge –a no 0.68 
Bursting Charge –b no 0.88 
Black Powder no 5.4 

 
   

APPROACH/METHOD 
 

In order to clarify the relation between sample weight and the deflagration property of 
fireworks compositions, a new large scale T/P test apparatus (NLS, hereafter) was designed 
with 1.5 L vessel that allowed it to be used for  sample weights of 19 g and 32 g while 
keeping the same weight/volume ratio as the HSLfct. The NLS has the same attachment as 
the original T/P test apparatus that is equivalent to the HSLfct in vessel size, and its 
weight/volume ratio can be fixed by using an iron-block spacer as an internal volume 
adjuster.  
The pressure rise behavior of non-mass-explodable burning fireworks compositions, such as 
black powders and bursting charges and explodable compositions such as salutes and 
waterfalls were examined using the NLS as well as the original T/P test. 
The NLS, shown in Figure 1, gives pressure-time curve shown in Figure 2 and the value of 
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the maximum rate of pressure rise ((dP/dt)max) is extracted from the curve. Although 
(dP/dt)max was recorded as a parameter for mass explosion hazard, explosion constant Kst 
was calculated and used to compare the deflagration property among fireworks compositions. 
 
According to the "Cube Law", the maximum rate of pressure rise multiplied by the cube root 
of the test volume (V) is a constant, Kst. Then we calculate Kst value for each test. Since Kst is 
standardized by volume, the Kst of each composition should be constant. 
 

௦௧ܭ = ቀ݀ܲ ൗݐ݀ ቁ
௫

× ܸଵ ଷൗ    --------- (1) 

 
 

           
Figure 1 - Large scale T/P test apparatus     Figure 2 - Typical Pressure-time curve of T/P test 
 
 
The Kst value, which is normalized by volume, is obtained from Equation (1). Since the 
sample weight/volume ratios are constant for all the experiments, Kst should also be 
normalized by weight in this study. 
 
All the compositions used in this study are shown in Table 2. 
 
 

Table 2 - Compositions used in this study 
Name of fireworks composition Component (weight ratio) 
Black Powder from Kayaku Japan KNO3/C/S = unknown) 
Bursting Charge A KClO4/C = 71/29 
Bursting Charge B  KClO4/KNO3/C = 53/26/21 
Salute KClO4/Al (FF) = 77/23 
Waterfall KClO4/Al (FF)/Al (CF) = 53/16/31 
Black Powder from Kayaku Japan Co., LTD KClO4: from Japan Carlit Co., Ltd. 
KNO3: Otsuka Chemical Co., Ltd. C*: pine charcoal from Minoru kasei 
Al (FF): 7 µm from Daiichi yakuhin Al (CF): 200 µm from Daiichi yakuhin 
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The Large Scaled T/P test apparatus was prepared for sample weights of 6 g to 32 g and the 
pressure transducers used in this work were #112A005 by PCB for both T/P tests. 
 
 

RESULTS and DISCUSSION 
 

Figure 3 shows relationship between Kst and sample weight for typical mass-explodable and 
non-mass-explodable compositions. From this figure, Kst value for mass-explodable composition 
such as salutes and waterfalls are positively correlated to sample weight, while the one for non- 
mass-explodable compositions such as bursting charges and black powder are constant or not 
dependent on their sample weight. 
 
According to the cubic law, the Kst value should not be dependent on sample weight but should 
be constant regardless of sample weight like ones for non-explodable compositions. However, in 
the case of mass-explodable compositions, changes of the Kst value suggest that the deflagration 
mechanism of masses of 0.5 g and 19 g or over is completely different, and the evaluation of the 
mass explosion hazard of a 0.5 g sample could be under estimated. 
 
 

 
Figure 3 - Kst and Sample Weight 

 
 

Then a DSC study was also carried out to compare oxidation reaction between a bursting charge 
and a salute, or composition with carbon as a fuel and Al powder as a fuel. Figure 4 and Figure 5 
show results of DSC study for mass-explodable and non-mass-explodable compositions with 
potassium perchlorate as well as pure potassium perchlorate and pure aluminum.  
 
The bursting charge composition (B.C.-a) seems to start a single exothermic reaction around 
400°C; the onset temperature is lower than what is expected from the DSC result of pure 
potassium perchlorate. On the other hands, the salute or waterfall compositions seem to start 
multiple reactions around 450°C, and the multiple reactions might be influenced by the 
exothermic decomposition temperatures of potassium perchlorate and melting point of Al.   
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Figure 4 - DSC for B.C., Salute, Waterfall         Figure 5 - DSC for KClO4 & Al 

 
From the relation between Kst and sample weight for typical fireworks compositions and DSC 
study, following reaction schemes are speculated. 
  
When the fuel is only carbon, the oxidation reaction may start at a relatively lower 
temperature and produce CO2, and the generated heat may feed back to the fuels to maintain 
combustion. However, since the main product is CO2 gas with low thermal conductivity, 
thermal feedback may be gentle and the oxidation reaction may not be accelerated.  On the 
other hand, the fuel of aluminum may react in two steps. The first reaction, which also starts 
at a lower temperature, might be the oxidation of the aluminum particle surface, to produce a 
hard aluminum oxide shell. Then the reaction heat fed back to the aluminum particle with 
hard aluminum oxide shell causes the melting of the aluminum inside the particle. The 
subsequent thermal expansion due to aluminum phase transition may break the shell to 
disperse molten aluminum with high thermal conductivity, resulting in a second vigorous 
oxidation reaction at a higher temperature. The thermal feedback of this reaction might be 
much higher and more efficient because the thermal conductivity of molten aluminum is 
expected be higher than CO2 gas. 
 
In the HSLfct, only the first reaction was thought to be observed because of the small sample 
size.  
 
 

CONCLUSIONS 
 

Compositions with Al powder show larger Kst when larger sample are tested. This suggests 
that the deflagration mechanism might be dependent on the sample weight.  
 
The DSC study suggests that Al powder in the fireworks compositions show an oxidation 
reaction of two or more steps. 
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Reaction models for the composition with or without Al powder were proposed. At the same 
time, the potential problem of the evaluation method with too small sample weight was 
clarified. 
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ABSTRACT 
 
Ammonium perchlorate (NH4ClO4, AP) and Mg mixtures are widely used in strobe 
compositions in fireworks. The thermal behaviour of the AP/Mg mixtures changes when 
AP/Mg reacts in the presence of water. These changes may lead to an uncontrollable event, 
particularly when they are prepared in a dry place and exposed to humid environments and 
vice versa. This might cause an accident. 
 
To prevent such accidents, it is necessary to have knowledge of the changes occurring in the 
thermal behaviour of AP/Mg when it is in contact with water. This study aims at 
understanding the changes in the properties of AP/Mg in the presence of water. The effect of 
relative humidity on the stability and combustion behaviour of an AP/Mg mixture, exposed to 
various storage conditions, was explored using sealed cell differential scanning calorimetry.  
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INTRODUCTION 
 
Fireworks are a source of high-energy as well as a traditional form of entertainment 
However, their use may lead to uncontrolled combustion and explosion, which can cause 
devastating accidents. Some of the well-known causes of accidents with fireworks are the 
degradation of the pyrotechnics, that alters their chemical composition, the extent of 
aggregation that affects their stability, and their rapid burning rate1. These changes can cause 
the malfunctioning of discharged fireworks or lead to the mishandling of fireworks, resulting 
in accidents. 
 
Relative humidity (RH) is one of the major environmental factors that trigger such changes. 
Humidity, for example, can alter the structure of the propellant in the burst charge that could 
potentially lead to over-aggressive combustion. Humidity varies from place to place as well 
as with time of day at a particular place. Nowadays, when pyrotechnic substances are 
handledor stored under different environmental conditions worldwide, it has become 
imperative to gain sound knowledge of the responses of fireworks compositions to the 
environmental RH. 
 
The combination of AP and Mg (AP/Mg), which is used in fireworks to create a strobe effect, 
is known to be easily influenced by ageing1. Although the mixture emits a strong light, it 
tends to degrade quickly under humid conditions, thus affecting the stability of the mixture. 
The knowledge of how the AP/Mg mixture degrades under humid conditions would help in 
its safe storage and handling. This is particularly important in Japan, because the average 
relative humidity (RH) in Japan (Tokyo, 2012) was 62% and its RH in summer was 75% 
(Japan Meteorological Agency). 
 
The current work focuses on the study of AP/Mg samples aged under controlled humid 
conditions by observing their mass changes, thermal properties and combustion behaviour. 
 
 

APPROACH/METHOD 
 
AP was purchased from Japan Carlit Co., Ltd. (Japan), and the Mg from Kanto Metal 
Corporation (Japan). They were used as received, without further purification, as the key 
ingredients of the samples. One gram of each of these components was mixed. Samples of the 
mixed AP/Mg powder were stored in a closed container, whose humidity was controlled by 
using saturated aqueous solutions of various salts. In the present study, potassium chloride 
(KCl, A), potassium iodide (KI, B), and magnesium chloride (MgCl2, C), were used for 
maintaining the relative humidity at 80.3%, 63.1% and 29.3% at 60oC, as per Japanese 
Industrial Standards Committee Test Method2. A schematic diagram of the humidity control 
device used in the present work is shown in Figure 1.  
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Saturated aqueous solution

(MgCl2, KI, K2SO4)

Wire mesh

Closed 
container

Support pole

Sample holder

Glass wool

 
Figure1 - Diagram of humidity control device 

 
In addition to the storage under controlled humidity, another sample of AP/Mg/water was 
prepared by storing AP and Mg in water to simulate an extreme condition for comparison. 
After one-day storage, the solid remains in the solution was filtered and the filtrate was 
analysed (Figure 2).  
 

40 oC
1day

Filtrate Analyze

AP

water

Mg  
Figure 2 - Preparation scheme of AP/Mg/Water  

 
The thermal properties of the mixture were measured by sealed cell differential scanning 
calorimetry (SC-DSC). Approximately 1.0 mg of each sample was loaded into a SUS303 cell 
and sealed in air, and then heated from 20 to 800oC at 5oC min-1. Before performing thermal 
analysis, the samples prepared under each humidity condition were dried in desiccators until 
they reached a constant mass. 
 
Burning rates and the number of flashes during the combustion of the samples, stored under 
the various humidities, were measured. The samples for the combustion tests were prepared 
by mixing a 3:1:1 mixture of AP/Mg/SrSO4with nitrocellulose at 17% by weight. The 
mixture was loaded into a paper tube and dried for a day. The paper tubes were removed from 
half of the samples. Then, all of the samples were stored in the humidity controlled 
conditions for 5 days.  
 
In the combustion experiments, each sample was ignited with a hot Nichrome wire. The 
combustion was recorded with video and the number of flashes was measured by using a 
photodiode sensor.  
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RESULTS AND DISCUSSION 
 
Figure 3 shows the mass change profile of the AP/Mg samples at 60oC during the storage 
period. The extent of mass change of the samples depended on the ambient RH. The mass 
increased under all conditions as the experiments progressed. This was probably due to the 
adsorption of water by the samples from the ambient environment. During the absorption, the 
water molecules could simply adsorb onto the component particles, or undergo a chemical 
reaction leading to a change in the chemical composition of the samples. In order to elucidate 
the role of humidity and the phenomenon of water adsorption, the samples were subjected to 
SC-DSC3.  
 
 

 

 
 

Figure 3 – Weight change of AP/Mg at 60oC 
 
Figure 4 shows a comparison of the thermal behaviour of the samples obtained by SC-DSC 
measurements. The mixture of AP and Mg, both of which were used as purchased, exhibited 
the greatest heat release behaviour. As the storage humidity was increased, the calorimetric 
value decreased. If water molecules had simply attached to the surface of the AP/Mg 
particulates, they would have been desorbed at around 100oC during the measurement. The 
sample, however, showed a change at a higher temperature, thus confirming that a chemical 
reaction was triggered by the presence of water. 
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Figure 4 - The comparison of heat release behaviour 
 
 It is well known that the ammonium ion, NH4

+ , in AP is capable of reacting with Mg, 
forming Mg2+ and releasing H2 and NH3.  The generated Mg2+ can form magnesium 
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perchlorate (Mg(ClO4)2).  The heat flow vs. temperature plot of the product obtained after the 
storage process in water showed two sharp heat flow peaks. The behaviour was also different 
from that of Mg(ClO4)2·6H2O which is one of the possible products of the reaction between 
Mg and AP. The difference indicated that reaction mechanisms operating in the two aged 
samples, in excess water and under controlled humidity condition, were different. The 
quantity of heat generated is smaller in AP/Mg/Water. Though ageing under extreme humid 
conditions makes AP/Mg/Water a safer option, it has an increased sensitivity towards heat. 
 
Table 1 summarizes the burning rate and the number of flashes of the sample stored under 
humid conditions. Since 60A did now show clear exothermic behaviour, the samples B and C 
were employed for the experiments. 
For 60C, samples stored in a paper tube degraded to a lesser extent than the ones without a 
paper tube. The samples stored at higher humidity were expected to show a slower burning 
rate and fewer flashes. While some of them did, others did not. Since the sample stored under 
lower humid conditions showed a lower standard deviation (SD), the results obtained from 
each 60B sample were diverse. Thus, high RH results in difficulty in quality control. 
 

Table 1 – Summary of combustion measurements 
 60B (63.1RH%) 60C (29.3RH%) 
 Average SD Average SD 

Burning rate [cm/s] 
In a paper tube 0.082 0.031 0.113 0.013 
Without a paper tube 0.051 0.031 0.050 0.006 

Number of flashes [times/s] 
In a paper tube 24.715 2.408 27.727 0.356 
Without a paper tube 26.052 2.980 16.639 2.051 
 

 
CONCLUSIONS 

 
This study shows the behaviour of fireworks stored under humid conditions. The results show 
that under humid conditions, the fireworks adsorbed moisture and gained mass. Water 
adsorption increases as the duration of ageing increases. This is because the water molecules 
initiated a chemical reaction between Mg and AP, which was confirmed by SC-DSC. SC-
DSC also showed that fireworks prepared in excess water exhibited sharp exothermic peaks 
at lower temperature than the ones stored under humid conditions. The burning rate and the 
number of flashes of the samples as a function of RH at a constant temperature indicates that 
the sample stored under higher RH showed greater SD. Thus, quality control is unfavourably 
affected under conditions of high RH.  
 
For safe handling, it is important to ensure the performance of fireworks is maintained within 
allowed standards. Since humidity alters the properties of fireworks composition, attention 
should be paid on humidity control to prevent unexpected events that may cause accidents. 
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ABSTRACT 
 

This paper addresses fireworks accidents in Japan during the years 2011-2014. The causes of 
the accidents are analyzed from the viewpoint of the accidents’ underlying phenomena. The 
fireworks accidents are classified into eleven different phenomena. They include mortar 
bursts, premature bursts, low-altitude bursts, black shells, ground bursts, falling components, 
abnormal burning, abnormal trajectories, residue, fire, and others. Each phenomenon has one 
to four causes. This phenomena-cause classification system is also introduced. 
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INTRODUCTION 
 

The accident data on commercial explosives, including fireworks and toy fireworks accidents, 
has been collected by the government, specifically the Ministry of Economy, Trade and 
Industry (METI). The data are open to public on the web (Japanese only)1-5. 
 
In this paper, the statistics of explosives accidents in Japan during the years 1994-2014 are 
introduced. As for the fireworks, the causes of the accidents are analyzed from the viewpoints 
of the accidents phenomena during the years 2011-2014. 
 
 

STATISTICS OF EXPLOSIVES ACCIDENTS 
 

Figure 1 shows the number of explosives accidents. The number of the fireworks accidents 
ranges from 60-80% of the explosives accidents every year. In 2011 the number of the 
fireworks accidents was small. The reason for the small number was the effect of the "Great 
East Japan Earthquake". In that year, many fireworks displays were aborted because of the 
mood of self-control. To the exclusion of 2011, the number of fireworks accidents increased 
over the period of 2011-2014. Most of the accidents were related to display fireworks. The 
reason for the increase in display fireworks accidents is discussed herein. 
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Figure 1 - Explosives accidents statistics 

 
 

STATISTICS OF FIREWORKS ACCIDENTS 
 

Figure 2 shows the number of the fireworks accidents. Almost all the accidents occurred 
during fireworks displays. The increase in the number of accidents was mainly due to events 
such as dried grass fires in the display site, within the safety distance, rather than human 
injuries. 
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Figure 2 - Fireworks accidents statistics 

 
Figure 3 shows the number of the toy fireworks accidents. The accidents involving the 
manufacture of toy fireworks numbered less than one case per year in the past 21 years. In 
2010-2014, the number of accidents associated with the use of the toy fireworks (children 
playing) significantly increased over the period. One reason for the increase in the number of 
accidents is the implementation of the concept of consumer protection leading to an increase 
in toy fireworks accident reporting. 
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Figure 3 - Toy fireworks accidents statistics 

 
Figure 4 shows the number of fatalities and injuries in the fireworks accidents. The number of 
people killed was less than two per year over the past 20 years, except for 2003. The number 
of people injured per year varied widely. 
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Figure 4 - Statistics on all fireworks accidents resulting in fatalities and injuries 

 
Figure 5 shows the number of fatalities and injuries related to toy fireworks accidents. The 
number of injuries per year over the period of 1997-2011 was six or less, with the number 
increasing over the last four years. The recent increase can be attributed to improve accident 
reporting, at least in part. In 2011, 16 people were injured in one accident. The individual 
suffered sore throats and breathing problems, e.g., congestion. The source of the irritants was 
the smoke of a flare normally used in the outdoor training, instead being used indoors in a 
fire department building for simulated fire training. The most common cause of the toy 
fireworks accidents is the careless misuse of toy fireworks by consumers. 
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Figure 5 - Statistics on toy fireworks accidents resulting in fatalities and injuries. 
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CAUSES OF FIREWORKS ACCIDENTS 

 
The causes of the fireworks accidents were analyzed by members of the Committee of 
Countermeasure for Explosives Accidents in the All Japanese Association for Security of 
Explosives. In the analysis, the fireworks accidents were divided in two groups. One is 
display fireworks, including star-mines. The other is "small size fireworks", including the 
traditional "Tedzutu (Handheld mortar)" fireworks, and others. Furthermore, underlying 
phenomena of the fireworks accidents are classified into eleven subgroups as are shown in 
Table 1. Each phenomenon has one to four associated causes, also shown in Table 1. This 
table provides an update to the data which we reported at the 13th ISF in Malta in 20126. 
 
The causes of display fireworks accidents which occurred during the period of 2011 to 2014 
are also shown in Table 1. As mentioned earlier, the main cause of the accidents involving 
display fireworks which increased in number was dried grass fires within the display site and 
beyond, without human injuries. In 2014 these fire related accidents represented 37 of 58 
total accidents in 2014. The number of accidents in the safety distance of the fallout area, 
with no human injuries was 13 in 2014. The rate of human injury per accident has actually 
decreased in the reporting period. 
 
In 2014, there were 14 accidents involving the "small size fireworks". Of the 14, 6 were 
attributed to product defects in the fireworks, mostly made in China.   
 

Table 1 - Causes of Fireworks Accidents and Number of Accidents. 
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SUMMARY 
 
The Japanese fireworks accidents statistics for the years 2011-2014 have been summarized in 
figures and a table of data. Increases in accidents can be at least in part attributed to improved 
accident reporting and to an increase in imported (non-Japanese) fireworks. 
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ABSTRACT 
 
To develop a modified DDT test (US Test) as an alternative to the HSL Flash Composition 
Test (HSL Test) that was the United Nation’s formal classification test for flash compositions 
(FCs), 69 kinds of fireworks compositions were tested using both the US Test and the HSL 
Test. From the results, an appropriate criterion of indentation depth of US Test was assessed 
taking account of following factors, a critical indentation depth above which the witness plate 
was regarded as being torn or pieced, a compatibility between US and HSL Tests, an ability 
to discriminate between typical FC and non-FC as viewed by the pyrotechnics industry, and 
an adequate conservativeness of classification. If black powders were regarded as 
representative of a non-FC, the indentation depth of 17 mm was recommended as a criterion 
of US Test. However, from the view point of keeping classification adequately conservative 
(safe-side), the value 15 mm, which was proposed by USA, was considered to be more 
appropriate than 17 mm as an official criterion for US Test. In case of 15 mm criterion, the 
compatibility of US and HSL Tests was about 84%.  
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INTRODUCTION 
 
It was a matter of importance for fireworks industries to perform proper hazard classification 
of fireworks within the framework of the regulations recommended by Sub-Committee of 
Experts on the Transport of Dangerous Goods (TDG) in ECOSOC, United Nations1. The 
regulations provide a default fireworks classification table (default table for short) to allow 
fireworks to be assigned to hazard divisions 1.1, 1.2, 1.3, and 1.4 without the basis of test 
data derived from Test Series 6 described in Manual of Tests and Criteria (MTC) 
recommended by United Nations 2. The procedure of assigning fireworks in accordance with 
the default table included an assessment of mass fraction of Flash Compositions (FCs) in 
firework articles. FC was defined by TDG as “pyrotechnic substances in powder form or as 
pyrotechnic units as presented in the fireworks, that are used in fountains or to produce an 
aural effect, or used as a bursting charge or lifting charge, unless the time taken for the 
pressure rise is demonstrated to be more than 6 ms for 0.5 g of pyrotechnic substance in the 
HSL Flash Composition Test in Appendix 7 of the MTC”. The HSL Flash Composition Test 
(HSL Test in short) was developed by the experts from United Kingdom (UK)3 and has been 
the only formal test method for the hazard classification of fireworks using the default table. 
Therefore, recently the HSL Test apparatus was reassessed by the experts from the United 
States of America (USA)4 to improve reproducibility of performance.  
 
Besides the efforts to improve HSL Test mentioned above, a new test method for FC 
classification using 25 g of pyrotechnic substance was proposed by an expert from USA5. 
This test was a modification of MTC’s Series 5(b) test (USA DDT test) that detected 
deflagration-to-detonation (DDT) of samples if a hole was punched through the witness plate. 
Because a relatively high reproducibility of the results was expected by using the large 
sample mass of 25 g, this tests attracted attention of TDG members.  
 
Originally, the modified DDT test had a criterion for a positive result if the witness plate was 
torn, perforated, pierced or otherwise penetrated. However, such a criterion was still 
ambiguous in the pass-fail determination, particularly in the case where only a slight tear was 
observed in the witness plate. Therefore it was proposed by the expert from USA6 that an 
indentation depth of the witness plate was considered to be an additional criterion that 
corresponded to a critical depth of indentation above which the witness plate was regarded as 
being torn or pieced. After two years of discussion, TDG named the modified DDT test the 
US Flash Composition Test (US Test in short) and decided to undertake further work to 
ensure compatibility between HSL and US Tests, as well as to determine proper 
specifications of US Test before it was formally accepted as an alternative to HSL Test. 
 
This paper describes the results of comparison experiment of US and HSL Tests for 69 kinds 
of fireworks compositions. Based on the results, some issues of specification of US Test 
apparatus and appropriate criteria for the indentation depth are discussed.  
 
 

APPROACH/METHOD 
 
HSL Test apparatus and procedure 
Figure 1 shows the HSL Test apparatus fabricated in accordance with Appendix 7 of MTC. 
The apparatus consists of a cylindrical steel pressure vessel, about 20 cm3 in inner volume. A 
pressure transducer (PCB 112A05) was attached to the side-arm to measure a pressure rise in 
the vessel. One end of the pressure vessel was closed by an aluminum bursting disc 0.2 mm 
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thick. The other end of the pressure vessel was closed with a cone-shaped sample pan 
comprising a firing plug which was fitted with two electrodes, one insulated from, and the 
other earthed to the plug body. An electric igniter (Davey Bickford) was used to ignite 
pyrotechnic substances on the cone-shaped sample pan. Plastic cap that originally covered the 
igniter was removed to avoid unnecessary contamination to the samples.  

 

 
Figure 1 - HSL Test apparatus 

 
The lead wires of igniter were not connected directly to the electrodes screwed into the 
bottom of the firing plug, but connected to intermediate lead wires that were connected to the 
electrodes. The metal core and insulating coat of the intermediate lead wires (PEW enameled 
Cu wire, 0.8 mm in diameter) were strong enough to withstand multiple experiments without 
requiring replacement. By using the intermediate lead wires, the procedure of igniter 
replacement was significantly simplified. 0.5 g of pyrotechnic substance was introduced into 
the cone of the firing plug. Where the pyrotechnic substance was in consolidated form greater 
than 0.5 g it was broken to produce a piece as close to 0.5 g as possible. Where the 
pyrotechnic substance was in consolidated form less than 0.5 g then whole and broken units 
were chosen to give 0.5 g pyrotechnic substance. 
  
The test was carried out three times for each sample. The time taken for the gauge pressure to 
rise from 690 kPa to 2070 kPa was noted. The result was considered positive “+” if the 
shortest interval of three firings,t, was less than or equal to 6 ms.  
 
In this work, another type of firing plug, with modified electrode structures proposed by the 
expert from USA4, was also used and compared with the original type shown in Figure 1. 
However no clear difference was found between the original and the modified firing plugs. 
Therefore, the experimental data obtained using both types of firing plugs were treated 
equivalently and smallest value among those obtained using both types of firing plugs was 
selected as t. 
 
US Test apparatus and procedure 
Figure 2 shows the schematics of the US Test apparatus fabricated in accordance with the 
proposal by the expert from USA6. The test apparatus consists of a cardboard sample tube 
closed at the base with a paper plug, a 1.0 mm thick 160 × 160 mm steel witness plate, an 
electric igniter (Davey Bickford), a mild steel confinement sleeve having an outside diameter 
of 63 mm and a length of 165 mm with a flat-bottomed round bore whose interior dimensions 
of diameter and depth were 38 mm and 155 mm respectively, a steel ring of approximately 50 



69 

mm height with an inner diameter of 95 mm and a solid metal base 25 mm in thickness and 
150 mm square. 
 
Prior to testing, 25 g net mass of the pyrotechnic substance to be tested as a loose powder or 
granulated or coated onto any substrate was stored for at least 24 hours in a desiccator at a 
temperature of 20 - 30 °C and poured into the sample tube so that the final density of the 
pyrotechnic substance in the tube was as close as possible to the density achieved when 
contained in a fireworks device. The sample tube was placed vertically and centered on the 
witness plate. The steel sleeve was placed over the sample tube. The igniter lead wires were 
positioned to pass through the slotted groove in the bottom edge of the steel confining sleeve. 
Finally, the alignment of the steel sleeve and the witness plate was corrected so that their 
centers were aligned with the center of the steel ring.  
 

 
Figure 2 – US Test apparatus 

 

 
Figure 3 - Examples of indentation, tearing and piercing of the witness plate 

 
The electric igniter was then initiated from a safe position. After a suitable interval the 
witness plate was recovered and examined. The test should be performed three times unless a 
positive result was obtained earlier. Figure 3 shows typical observations of the witness plates 
after experiments. Indentation, tearing or piercing of the witness plate were caused by the 
pressure that built in the space between the steel sleeve and the witness plate. If tearing or 
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piecing was observed in any trial, the result was considered to be positive “+”. If indentation 
accompanied by neither tearing nor piercing was observed in three trials, the average of the 
maximum depths of indented depth of the indentations was obtained. Figure 4 showed how to 
measure the maximum depths of symmetrically (a) and asymmetrically (b) indented witness 
plates. Uncertainty of measurement was considered to be ±1 mm. 
 
Even if the witness plate was not be torn, perforated, pierced nor penetrated in any trial,  the 
test result was considered to be positive “+” if the average of the maximum depths of three 
trials exceeded certain value. 
 

 
Figure 4 - Method of indentation depth measurement 

 
In the proposal by the expert from USA6, steel grades of ST37-2 or S235JR compatible were 
recommended for the 1 mm-thick witness plate. Although these steels are commonly used in 
Japan, 1 mm-thick plates of this steel were not commercially available. On the other hand, 
SPCC (cold-rolled steel, JIS G 3141, ISO 3574 1999 CR1) was found to be highly available 
for 1 mm-thick plate. Table 1 showed mechanical properties of SPCC steel in comparison 
with those of US recommendation (ST37-2 or S235JR). It was clear that values of percentage 
permanent elongation of SPCC (42 - 45 %) were significantly higher than that of ST37-2 or 
S235JR (26%). This meant that the indentation depth of SPCC witness plate had higher 
threshold of tearing than that of ST37-2 or S235JR witness plate. In this work, all indentation 
data of US Test were obtained using SPCC (China Steel) witness plates due to the availability 
issue. 
 

Table 1 - Mechanical properties of SPCC and recommended steel by USA 

  
Density 

 
(kg/m

3
) 

Ultimate  
tensile  

strength  
(N/mm

2
) 

Percentage  
permanent  
Elongation 

(%) 

Stretch limit  
or rupture  
strength 
(N/mm

2
) 

US recommendation 
S235JR (EN10025) or  
ST37-2 (DIN17100)  

7850 340 26 185 - 355 
SPCC (JIS G 3141)  

(China Steel) 
Used in this work 

7858 336 – 357 42 - 45 252 - 273 
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Tested samples 
The 69 kinds of firework compositions which were tested were those typically used for lifting, 
bursting, reports, colouring, fountains, etc. In order to assess compatibility between HSL and 
US Tests, compositions which were excluded from FC by definition were also included. 
Compositions of all samples together with their identification names are listed in appendix. 
 
 

RESULTS 
 

All data from US and HSL Tests for the 69 kinds of firework compositions are shown in the 
appendix,. From these data, all indentation depths were plotted in Figure 5 as a function of 
the corresponding t.  
 

 
Figure 5 - Comparison of HSL- and US-test data. 

 
Distribution of the data plotted in Figure 5 shows a rough tendency that a larger indentation 
depth corresponds to a smaller t. In the figure, the gray colored regions were compatible 
regions in which both HSL and US Tests showed same positive “+” or negative “-” results 
for very same sample.  
 
As for the HSL Test data in the appendix, it should be noted that in the case of some samples 
the pressure rises were always interrupted by the disc bursting below 2070 kPa. For such 
samples, a minimum time interval from 690 kPa to the interrupted pressure was shown as a 
lower limit of t and denoted with “a)” in the appendix. Furthermore, in cases where the time 
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profile of the gauge pressure always showed a peak value below 2070 kPa regardless of the 
disc bursting, it was impossible to evaluate t and such data were denoted with “-- b)”.  
 
As for the US Test, the average value of the indentation depth was defined including the case 
where at least one of the witness plates was slightly torn. Such data were denoted with “c)” in 
the appendix. Furthermore, where at least one of the witness plate was totally pierced, it was 
impossible to define the indentation depth. Such data were denoted with “-- d)”.  
 
 

DISCUSSION 
 
The distribution of the data plotted in Figure 5 shows a rough tendency that a larger 
indentation depth corresponds to a smaller t. Such a tendency is reasonable because a 
shorter t means a higher sample burning rate, resulting in a higher pressure that indented the 
witness plate. However, there are some abnormal cases that do not show this tendency, such 
as White #61, Green #19, Red blinking #33 and Blue #21.The reason for these abnormalities 
is not known. 
 
As mentioned before, a critical indentation depth, above which the witness plate was 
regarded as being torn or pieced, was expected to be useful as criterion. The data in Figure 5 
show that such a critical depth is considered to fall between 16 mm and 17 mm because the 
lowest value of indentation depth that was accompanied by slight tear on the witness plate 
was observed at 16.7 mm for the sample of Red coloring #60 shown in appendix. This critical 
depth (16–17 mm), was slightly higher than the 15 mm that was already proposed by USA. 
Such difference was considered to come from the difference in mechanical strength, 
particularly the percentage permanent elongation between SPCC used in this work and the 
steel (S235JR or ST37-2) recommended by USA. In order to assess the validity of such a 
critical depth as an official criterion of US Test, more considerations were necessary from the 
viewpoint of other factors such as a compatibility between US and HSL Tests, an ability to 
discriminate between typical FC and non-FC viewed by the pyrotechnics industry and an 
adequate conservativeness of classification.  
 
Figure 6 shows a mapping of the compatibility that is defined as the following simple 
compatibility function (x, y),   where (x, y) number of data in the compatible region in 
Fig. 5) / (total number of data) ×100, and x and y are the HSL Test criterion and the US Test 
criterion, respectively. Data points were also plotted in this mapping with corresponding 
sample name denoted in appendix. It was shown that the combination of y = 15 mm that was 
proposed by USA for the criterion of US Test and current formal criterion x = 6 ms for HSL 
Test gave reasonably good compatibility of about 84%. Figure 6 shows another possible 
criterion of 17 mm that could successfully discriminate black powders (indicated by black 
and white pentagrams), which had not been viewed as a typical FC by the pyrotechnics 
industry as pointed out by the expert from USA5. As for the compatibility, the combination of 
y = 17 mm and x = 6 ms also gave reasonable compatibility of about 76 %. This criterion 17 
mm, however, became problematic when it came to determining an official indentation depth 
criterion recommended by TDG. One problem was that validity of treating black powder as a 
standard of non-FC was not thoroughly assessed worldwide although there was some 
consensus in the pyrotechnics industry. Secondary, this criterion 17 mm was determined 
using SPCC witness plate that was considered to have higher threshold of tear than that of 
ST37-2 or S235JR witness plate. From the view point of keeping the classification process 
adequately conservative (safe-side), the value 15 mm, which was proposed by USA using 
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ST37-2 or S235JR witness plate, was considered to be more appropriate than 17 mm as an 
official criterion for US Test.  
 

 
Figure 6 – Analysis of compatibility and possible criteria for US Test.  

 
 

CONCLUSIONS 
 

A comparison of the US and HSL Tests was conducted for 69 kinds of fireworks 
compositions and an appropriate US Test indentation depth criterion was assessed from the 
viewpoints of following four factors, a critical indentation depth above which the witness 
plate was regarded as being torn or pieced, compatibility between US and HSL Tests, an 
ability to discriminate between typical FC and non-FC as viewed by the pyrotechnics 
industry, and an adequate conservativeness of classification. If black powders were regarded 
as representative of non-FC, the indentations depth of 17 mm was recommended as a 
criterion of US Test. However, from the view point of keeping classification to be adequately 
conservative (safe-side), the value 15 mm, which was proposed by USA, was considered to 
be more appropriate than 17 mm as an official criterion for US Test. In case of 15 mm 
criterion, the compatibility of US and HSL Tests was about 84 %.  
 
As for the specification of US Test apparatus, SPCC (cold-rolled steel, JIS G 3141, ISO 3574 
1999 CR1) was recommended as witness plate material as well as S235JR or ST37-2 
recommended by USA. 
 
Above results will be sent to TDG as a formal proposal and discussed in the 48th session of 
TDG in December 2015. 
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APPENDIX 
 

Test results of US- and HSL Tests for various fireworks compositions 

 

Sample identification name &  
Composition (wt. %) Configuration 

US Test 
Indentation  
depth (mm) 

HSL Test 
 t (ms) 

Report #1 
KClO4/Al(P2000)＝77/23 Powder -- d) 0.48  

Report #2 
KClO4/Al(P2000)/S = 67/20/13 Powder -- d) 0.35  

Report #3 
KClO4/Al(P2000)/MgAl(#100) = 71/21/8 Powder -- d) 0.54  

Report #4 
KClO4/Al(P3000) ＝77/23 Powder -- d) 0.28  

Report #5 
KClO4/Al(P3000)/S = 67/20/13 Powder -- d) 0.09  

Flash Report #6 
KClO4/Ba(NO3)2/Al(P2000)//MgAl = 30/30/30/10 Powder -- d) 0.94  

Flash Report  #55 
KClO4/Ba(NO3)2/Al(P2000)/MgAl = 40/40/15/5 Powder -- d) 0.58  

Flash Report #56 
KClO4/Ba(NO3)2/Al(P2000)/MgAl = 

35/35/22.5/7.5 
Powder -- d) 0.62  

Flash Report #57 
KClO4/Ba(NO3)2/Al(P2000)/MgAl = 

25/25/37.5/12.5 
Powder 32.7 c) 1.63  

Flash Report #58 
KClO4/Ba(NO3)2/Al(P2000)/MgAl = 20/20/45/15 Powder 11.3  2.15  

Flash Report #7 
Ba(NO3)2/MgAl/Al(P2000) = 55/45/5 Powder 2.0  -- b) 

Whistle #9 
KClO4/C7H5KO2 = 71/29 Powder -- d) 0.89  

Abbreviations and quotation marks   
PR     : Phenol resin  CR      : Chlorinated rubber 
VR     : Vinsole resin  KTBP  : Potassium terebiphthalate 
PVC   : Polyvinyl chloride 
a)   As the gauge pressure rise was always interrupted by disc bursting below 2070 kPa, 
minimum time interval from 690 kPa to final  pressure was shown as a lower limit of t 
(690 - 2070 kPa). 
b)  The gauge pressure profile always showed peak below 2070 kPa.  
c)   Average value of indentation depth was defined although at least one of the witness 
plates was slightly torn. 
d)   Indentation depth was not defined because at least one of the witness plates was totally 
pierced.   
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Sample identification name &  
Composition (wt. %) Configuration 

US Test 
Indentation  
depth (mm) 

HSL Test 
 t (ms) 

Whistle  #10 
KClO4/C7H5KO2/Ti(#30-60) = 62/25/13 Powder -- d) 1.26  

Whistle #12 
KClO4/KTBP/Ti = 62/25/13 Powder -- d) 1.67  

Ryusei #13 (rocket propellant) 
KNO3/C(fine hemp)/S = 77/15/8 Powder 12.7  14.60  

Hachi #14 (bee effect) 
KNO3/C/S/Ti = 58/18/12/12 Powder 1.7  -- b) 

Black powder #16 (Kayaku.Japan) 
KNO3/C/S=75/15/10 Granular 17.0  4.01  

Black powder #16-1 (Kayaku Japan) 
KNO3/C/S=75/15/10 Powder 15.7  4.13  

Black powder #16-2 (WANO 5FA)  
KNO3/C/S=75.5 / 15.2 / 9.3 Granular 15.3  4.05  

Black powder #16-3 (WANO 4FA) 
KNO3/C/S=75.5 / 15.2 / 9.3 Granular 13.3  4.84  

Black powder #16-4 (WANO 2FA) 
KNO3/C/S=75.5 / 15.2 / 9.3 Granular 7.3  4.74  

Red coloring #17  
KClO4/PR/CR/MgAl/SrCO3 = 56/11/5/11/17 Powder 24.7 c) 4.36  

Red coloring #59 
KClO4/PR/CR/MgAl/SrCO3 = 66/6/4/7/17 Powder 2.3  12.27  

Red coloring #60 
KClO4/PR/CR/MgAl/SrCO3 = 46/19/7/11/17 Powder 16.7 c) 3.52  

Green coloring #19 
KClO4/PR/CR/MgAl/BaN = 33/14/7/14/33 Powder -- d) 31.33  

Green coloring #20 
KClO4/PR/CR/C (cotton) /BaN = 48/10/5/7/30 Powder 29.7 c) 1.91  

Blue coloring #21 
KClO4/PR/CR/MgAl/CuO = 56/11/5/11/17 Powder 17.7 c) 17.28 a) 

Blue coloring #22 
KClO4/PR/CR/C(hemp)/CuO = 58/12/6/6/18 Powder 27.3 c) 7.47  

Yellow coloring #23 
KClO4/PR/CR/MgAl/Cryolite = 56/11/5/11/17 Powder -- d) 6.95  

Yellow coloring #24 
KClO4/PR/CR/MgAl/Na2C2O4 = 56/11/5/11/17 Powder 16.0  5.03  

Yellow coloring #25 
KClO4/PR/CR/C(hemp)/Na2C2O4 = 58/12/6/6/18 Powder 22.3  3.31  

White coloring #27 
KClO4/PR/MgAl/Sb2S3 = 58/12/18/12 Powder -- d) 3.37  

White coloring #27-1 
KClO4/PR/MgAl/Sb2S3 = 58/12/18/12 Hoshi (star) 1.0  68.79 a) 
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Sample identification name &  
Composition (wt. %) Configuration 

US Test 
Indentation  
depth (mm) 

HSL Test 
 t (ms) 

White coloring #27-2 
KClO4/PR/MgAl/Sb2S3 = 58/12/18/12 

Hoshi (star)  
coated with 

black powder 
ignition 
enhancer 

0.7  22.87 a) 

White coloring #27-3 
KClO4/PR/MgAl/Sb2S3 = 58/12/18/12 

Crushed  
#27-2 3.0  15.81  

White coloring #61 
KClO4/PR/MgAl/Sb2S3 = 68/9/14/9 Powder -- d) 15.18  

White coloring #62 
KClO4/PR/MgAl/Sb2S3 = 48/15/22/15 Powder -- d) 2.47  

Red flash #28 
KClO4/PR/Mg(#80)/CR/SrCO3 = 40/16/20/8/16 Powder 5.3  4.52  

Red flash #29 
KClO4/PR/Mg/PVC/BaN = 31/13/16/9/31 Powder 9.7  4.37  

Yellow flash #30 
KClO4/PR/Mg/PVC/Cryolite = 40/16/20/12/12 Powder 1.0  11.47  

Flash dew #31 
KClO4/Ba(NO3)2/PR/Al(P2000)/S/H3BO3 = 

31/31/13/16/6/3 
Powder -- d) 2.67  

Flash dew #32 
KClO4/Al(P2000)/PR = 62/19/19 Powder -- d) 1.13  

Red blinking #33 
NH4ClO4/Mg/SrSO4 = 50/30/20 Powder -- d) 64.39 a) 

White blinking #37 
NH4ClO4/MgAl/BaSO4 = 50/30/20 Powder 9.3   31.38 a) 

Yellow blinking #38 
Ba(NO3)2/CR/MgAl/S = 58/6/18/18 Powder 1.0  28.80 a) 

Waterfall #39 
KClO4/Al(P2000)/Al(P50) = 53/16/31 Powder -- d) 2.73  

Waterfall #40 
KClO4/Al(P2000)/Al(P50)/S = 50/15/30/5 Powder -- d) 0.91  

Waterfall #41 
KClO4/Al(P2000)/Al(P50)/Sb2S3 = 50/15/30/5 Powder -- d) 1.19  

Bursting #42 
KClO4/C(hemp) = 71/29 Powder 31.3  1.55  

Bursting #42-2 
KClO4/C(hemp) = 71/29 

Granular 
(cork core) 26.7 c) 3.23  

Bursting #42-3 
KClO4/C(hemp) = 71/29 

Granular 
(rice chaff 

core) 
34 c) 3.28  

Bursting #42-4 
KClO4/C(hemp) = 71/29 

Granular 
(cottonseed 

core) 
18.7  5.57  
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Sample identification name &  
Composition (wt. %) Configuration 

US Test 
Indentation  
depth (mm) 

HSL Test 
 t (ms) 

Bursting #69 
KClO4/C(hemp) = 90/10 Powder 30.3 c) 8.25  

Bursting #70 
KClO4/C(hemp) = 80/20 Powder -- d) 0.85  

Bursting #71 
KClO4/C(hemp) = 60/40 Powder 17.7  2.80  

Bursting #72 
KClO4/C(hemp) = 50/50 Powder 6.7  9.26  

Bursting #43 
KClO4/KNO3/C(hemp) = 53/26/21 Powder 30.7 c) 1.09  

Bursting #43-2 
KClO4/KNO3/C(hemp) = 53/26/21 

Granular 
(cork core) 27.0 c) 3.49  

Bursting #43-3 
KClO4/KNO3/C(hemp) = 53/26/21 

Granular 
(rice chaff 

core) 
34.0 c) 2.73  

Bursting #43-4 
KClO4/KNO3/C(hemp) = 53/26/21 

Granular 
(cottonseed 

core) 
12.7  7.39  

Bursting #43-7 
KClO4/KNO3/C(hemp) = 53/26/21 

Granular 
(cork core:  

thick coating) 
22.0  4.88  

Bursting #73 
KClO4/KNO3/C(hemp) = 60/29/11 Powder 24.0  2.85  

Bursting #74 
KClO4/KNO3/C(hemp) = 46/23/31 Powder 25.3  1.75  

Bursting #44 
KNO3/C(hemp)/S = 77/15/8 Powder 12.3  7.22  

Bursting #44-2 
KNO3/C(hemp)/S = 77/15/8 

Granular 
(cork core) 7.0  13.30  

Bursting #44-3 
KNO3/C(hemp)/S = 77/15/8 

Granular 
(rice chaff 

core) 
8.7  11.80  

Bursting #44-4 
KNO3/C(hemp)/S = 77/15/8 

Granular 
(cottonseed 

core) 
3.3  19.80  

Bursting #45 
KClO4/C(hemp)/Al(P3000) = 59/23/18 Powder -- d) 1.14  

Bursting #46 
KClO4/C(hemp)/Ti = 59/23/18 Powder 24.7 c) 1.00  
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ABSTRACT 
 
After an accident on the New Year´s Eve 2011 where a 13-year boy in Sweden was severely 
injured by a rocket, the Swedish Civil Contingencies Agency has carried out a series of 
experiments to investigate whether rockets approved for use by the general public are capable 
of causing such severe injuries. The investigation showed that rockets with net explosive 
content higher than 75 g have the capacity to cause fatal injuries. Legal action has been taken 
in Sweden to forbid such rockets for use by the general public. 
 
After this, a new series of experiments have been carried out to investigate the injury 
potential of rockets with net explosive content (NEC) less than 75 g. Injury potential of some 
shot tubes has also been investigated. This study showed that even smaller rockets can cause 
serious injuries. This paper will present the background of the study, the experiment setup 
and the results.   
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INTRODUCTION 
 
In the New Year’s Eve 2011, a 13-year boy in southern Sweden was hit by a fireworks rocket 
on his thigh. The rocket penetrated the tissue and exploded inside the thigh. As a result, the 
leg had to be amputated. The subsequent official investigation could not identify who fired 
the rocket or what kind of rocket was fired.  
 
At that time, most experts were of the opinion that rockets approved for the general public are 
not likely to cause such severe injuries. Therefore, the Swedish Civil Contingencies Agency 
decided to investigate the injury potential from rockets approved for use by the general 
public. Rockets with NEC ranging from 42 to 180 g were investigated. 
 
The following conclusions can be drawn from that investigation (Nie et al.1): 
 

 The injury potential of rockets is dependent on the properties of the burst charge and 
the total NEC. Rockets with NEC of more than 90 g are capable to cause fatal injuries 
such as fracture of skeleton components. 

 The injury mechanism is the mechanical impact combined with the explosion inside 
the tissue. Contact effect by the mechanical impact alone or burst on the human body 
alone is not likely to cause fatal injuries. 

 
In addition to the tests described by Nie et al.1, a further two experiments were carried out to 
investigate the effect of the shape of the rocket nose on the injury potential. In these 
experiments, one rocket with a semi-spherical nose and the other one with an artificial flat 
nose were fired against pig legs in the same way as described by Nie et al.1. The results 
indicated that those rockets did not penetrate the skin and the burst on the skin did not cause 
significant damage, even for the rocket with more than 90 g NEC. Therefore, it is concluded 
that the shape of the rocket nose is crucial for the resulting injuries. A nose of semi-spherical 
shape will probably not cause penetration of tissue.  
 
The legal consequence of that investigation was the ban of rockets with more than 75 g NEC 
in Sweden. 
 
Nevertheless, the injury potential of rockets with NEC less than 75 g still remains unknown. 
The question is whether such smaller rockets are still capable to cause fatal injuries so that 
the general public is subjected to unacceptable risks. Encouraged by the success of the 
previous investigation, the Swedish Civil Contingencies Agency decided to carry out further 
studies on the injury potential of rockets with NEC less than 75 g. 
 
Another very popular type of fireworks for use by the general public is the shot tube. This 
type of fireworks is sold as single fireworks on the market or is integrated into batteries and 
combinations. Our experience indicated that shot tubes, either as stand-along fireworks or as 
elements in batteries or combinations, have caused many injuries. The worst injuries occur to 
the users who do not follow the instruction, when they expose their body parts above the 
fireworks e.g. by looking into the tube. Therefore, we decided to include some shot tubes in 
this study. 
 
According to the European standard series EN-15947, rockets for use by the general public 
may be categorized as category F2 if the NEC is 75 g or less, or category F3 if the NEC is 
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more than 75 g but less than 200 g. For shot tubes for use by the general public, the NEC 
shall not exceed 40 g and the caliber shall not exceed 50 mm.  
 
 

EXPERIMENTS AND RESULTS 
 
Experimental setup for testing of rockets 
In the previous investigations by Nie et al.1, rockets were prepared in such a way that they, 
after launching, were guided by a steel cable to hit the target. We estimated that this setup 
would not have any effect on the test results regarding the injury potential, since the guiding 
cable would not affect the impact energy or the burst effect of the rockets.  
 
However, to exclude any possible effect of the guiding cable, a new test setup was used, as 
shown in Figure 1. A tube consisting of a 24-m plastic pipe, of 4”-inner diameter, was build 
and mounted one meter from the target of a pig leg and used as the guide for the test rockets. 
Therefore, the distance from the launching point of rockets to the target was 25 m. 
 
Rockets fired inside the plastic tube from the far end of the tube guide, 25 m from the target, 
propelled by the motor, ran freely inside the tube towards the target. The one meter free space 
between the end of the tube and the target, as can be seen in the lower left picture in Figure 1, 
allowed the impact of the rocket on the target in an unrestricted manner. This free space also 
makes the visual observation of the impact possible.  
 
Tests were performed on five rockets selected from the market. See the specifications in 
Table 1, where the total NEC is the sum of NEC in motor, burst charge and effect charge. All 
rockets have a conical nose, since from the previous investigation, we have gained the 
knowledge that rockets with conical nose cause more severe injuries than rockets with round 
or semi-spherical nose.  
 

Table 1 - Specifications of the tested rockets 
Candidate Total NEC (g) NEC in motor (g) Gross weight (g) No. of test(s) 

1 19.5 10 31 1 
2 30 10 62 1 
3 38 17 84 2 
4 48 12 83 2 
5 71.6 21 184 2 

 
Impact and burst of rockets on pig legs were recorded by normal speed and high speed video 
cameras. Damage on pig legs was visually examined and documented by photos. Depth of 
penetration in the target, if any, was measured and recorded. 
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Figure 1 - Experimental setup - Rockets fired in the tube guide, ran inside the tube and hit 
the target at the end of the tube. The lower left picture is a close-up of the section between the 

tube and the target, indicating a free distance of 1 m. 
 
A calibration shot of the setup was performed by using one of the rockets which was tested in 
the previous investigation1, the one with the NEC of 91 g. The same results as in the previous 
investigation1 were reproduced. That is, the rocket penetrated the pig leg, burst inside it and 
tore it apart. 
 
Experimental setup for testing of shot tubes 
Figure 2 shows the test setup for testing of shot tubes. The target, a pig leg, was placed on a 
support 50 cm above the muzzle of the tested shot tube. This setup was used to simulate a 
typical scenario where the user does not follow the instruction by standing beside the shot 
tube but instead looks down into the tube.  
 
The effect in the shot tube will hit the target, after ignition. The event was recorded by video 
cameras. The damage on the target was visually examined and documented by photos.  
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Figure 2 – Setup to study the injury potential from shot tubes 

 
Four products of shot tubes were tested. Specifications of the tested shot tubes are shown in 
Table 2, where the total NEC is the sum of lift charge, burst charge and effect charge. Note 
that shot tube Candidate 4 is not approved for use by the general public. However, since the 
NEC is only 5 g above the NEC limit for shot tubes for use by the general public, this 
candidate was included in this study for comparison purposes. 
 

Table 2 – Specifications of the tested shot tubes 
Candidate Total NEC (g) Lift charge (g) Caliber (mm)  No. of test(s) 

1 10  3 22 1 
2 28 5 48 1 
3 30 4 36 1 
4 45 10 49 2 

 
Results  
Table 3 and Table 4 show the results from the tests of rockets and shot tubes respectively. 
The damages on targets are shown by pictures and notes.  
 
It was observed that, quite often, the rocket was bounced back and away from the target after 
the collision. In neither of the test cases was the penetration so deep that the effect of the 
rocket burst inside the target. Consequently, no fracture of bone occurred. 
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Table 3 - Test results for rockets: damage of the target 
NEC of the 
tested 
rocket (g) 

Picture of damage on target Notes 

19.5 

 

No noticeable damage 

30 

 

A mark on target but no 
penetration 

38 

 

Break of the skin and 
tissue with 5 cm 
penetration 

38 

 

Mark on target but no 
other damage 
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Table 3 - Test results for rockets: damage of the target (continuation from the previous page) 
NEC of the 
tested rocket (g) 

Picture of damage on target Notes 

48 

 

Break of skin and 
tissue with 4.5 cm 
penetration 

48 

 

Break of skin and 
tissue with 2 cm 
penetration 

71.6 

 

Break of skin and 
tissue with 5 cm 
penetration 
A fragment of the 
rocket nose is stuck 
in the target.  

71.6 

 

Break of skin and 
tissue with 5.5 cm 
penetration 
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Table 4 - Test results for shot tubes: damage of the target 
NEC and caliber of 
the tested shot tube  

Picture of damage on target Notes 

10 g 
22 mm 

 

No visible 
damage 

28 g 
48 mm 

(No photo taken) No visible 
damage 

30 g 
36 mm 

 

A mark on the 
target. No other 
damage 

45 g 
49 mm 

 

Effect stuck to 
and exploded on 
the target 
Damage to a large 
area 
7 cm penetration 
through skin and 
tissue but no 
fracture of bone 

45 g 
49 mm 

 

Effect stuck to 
and exploded on 
the target 
Damage to a large 
area 
6 cm penetration 
through skin and 
tissue but no 
fracture of bone 
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CONCLUSIONS AND DISCUSSION 
 
It can be conclude from the study that rockets with NEC less than 75 g and conical nose, 
corresponding to category F2 rockets according to European standard EN 15947, may still 
cause serious injuries. However, it is unlikely that they will cause fatal injuries to a human 
body, provided that rockets do not hit vital organs.  
 
As can be concluded from the earlier study, injuries can be reduced significantly, if the 
rockets are constructed with round or semi-spherical noses. Therefore, we strongly 
recommend manufacturers to use round or semi-spherical noses on rockets. 
 
For shot tubes, our study showed that those shot tubes which are approved for use by the 
general public (with less than 40 g NEC) did not cause serious damage. It is expected that 
they will not cause serious injuries on a human body. However, slightly larger shots tube can 
cause serious injuries.  
 
It should be mentioned that the number of shot tubes tested was limited. The tested shot tubes 
may not be representative for all shot tubes approved for use by the general public. However, 
it is evident from our study that it is essential to follow the user´s instruction and do not 
expose any body part above shot tubes. 
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ABSTRACT 
 
There is a wide variety of approaches across the world in determining appropriate “safety 
distances” for firework displays. Comparison of the different national approaches and 
distances for shells derived from Shellcalc© highlights the variety and derivation of the 
“safety distances” adopted and these distances are related to the various failure modes of 
shells that may affect the audience. In particular the effects of angled mortars and wind are 
compared and considered. It is not intended that this paper should encourage the maximum 
distances derived always to be adopted, but that an appreciation of the probabilities and 
hazards of various accident scenarios and therefore the risks involved be part of the decision 
making process for designers and commissioners of displays as well as enforcing authorities. 
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INTRODUCTION 
 
The Directive 2013/29/EU1 on the making available on the market of pyrotechnic articles on 
the European Market sets out requirements for the safe use of display fireworks. This 
includes minimum label information to be displayed on the fireworks articles or their smallest 
piece of packaging. Amongst others, the information regarding the ‘minimum safety 
distance’ is a mandatory part of this labelling requirement1. Recent publications of Smith and 
Lohrer, and Dengel2, 3, 4 highlighted this problematic requirement of fixing a minimum safety 
distance on the label of display fireworks articles, which are used by persons with specialist 
knowledge in large varieties and situations. Furthermore, the fact that conditions of use differ 
from those of testing, consequently resulting in an adoption of the fixed ‘safety distance’ in 
either way, the respective national philosophies in Europe in defining ‘safe’ vary 
significantly. Considering the fact that the European approval system applies to the entire 
EU, this approach of fixed safety distances as part of the labels of display fireworks appears 
to be not realistic, and indeed may lead to legal challenges where the distances required by 
some authorities are demonstrably inadequate. 
 
Recent examination by Smith and Lohrer2,3 of National approaches to determining “safety” 
distances for firework displays have highlighted the fact that most systems underestimate the 
effects of angled mortars and the effects of wind on the distances to which both “normal” 
firework debris and low frequency but high hazard failures may impact. 
 
As is commonly known and widely adopted, a specific risk is essentially the product of a 
certain expected hazard multiplied by its expected frequency. Firework displays are not risk 
free – the fireworks that are fired always present certain risks to people and structures that 
surround the display site – “what goes up will always come down”. 
 
There are many factors which need to be considered in determining whether those people and 
structures are exposed to an acceptable level of risk. Indeed it is vital that organizers, 
producers and contractors at an event involving fireworks agree on what level of risk is 
acceptable – this may not be the same at every event! 
 
In essence there are two types or risks from any firework: 
 

 Those from the firework functioning “normally” 
 Those from it functioning “abnormally” 

 
For the remainder of this paper we have chosen to concentrate on firework display shells. At 
most professional large scale displays it is shells that, in effect, determine the “safety” 
distances at the display, because it is shells that not only have the greatest ascent heights (or 
greatest ranges if fired at angles) but also have the greatest potential hazards associated with 
them. 
 
Note: We have not considered anything but the display phase of a show (i.e. not the rigging 
or de-rigging phase) nor  the effect on the “operator” here – operators are usually within the 
“safety” distances for shells even if they are firing the show remotely (electrically). 

                                                             
1 In fact the European Commission confirmed that providing performance data for the firework and a statement 
that Safety distances should be calculated using the supplied data in accordance with National provisions” was 
an acceptable alternative and was the approach adopted by the experts in the Standardisation Working Group. 
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Normal functioning of shells 
The “normal” functioning of a shell may be described as follows: 
 

 The lifting charge of the shell is ignited 
 The shell is projected into the air at the angle dictated by the orientation of the 

associated mortar 
 After a delay (flight time) the shell bursts and the stars (or other effects) contained 

within it are ignited 
 The stars are extinguished at some point – which may be at ground level for some 

long burning stars 
 Debris from the shell casing falls to the ground 

 
The potential hazards are therefore: 
 

 Debris from the shell case (which normally is not alight) causing injuries (e.g. to eyes) 
 Deliberately long burning stars reaching people or structures causing injuries or 

ignitions 
 Stars of “normal” duration reaching people or structures (especially when shells are 

fired at angles) causing injuries or ignitions 
 Sound pressure impact, both the lift and burst events. 

 
The associated risks of these hazards depend on how frequently the debris or stars reach those 
people or structures.  In essence these risks are “Low Hazard”/”High Frequency” in nature – 
all shells produce debris, all stars have the potential for stars to reach the ground (especially if 
not fired vertically) and the risks may be controlled by selectively removing shells from the 
display if the conditions dictate in order that the risks to people or structures is kept 
acceptably low. 
 
The distances required to keep the risks acceptably low depend on: 
 

 The types of shell used (e.g. Kamuro shells have long burning stars) 
 The caliber of the shells used (in general – but not always – the larger the caliber shell 

the higher it ascends and therefore the further the debris and star fallout distance may 
be) 

 The angle the shells are fired at (and it maybe that lower caliber shells fired at angles 
pose a greater risk than higher caliber shells fired vertically) 

 The types of mortars (differences in inner diameter and length influence the burst 
height to some extent) 

 The wind direction and strength 
 
Abnormal functioning of shells 
The abnormal functioning of a shell is much less predictable, however display companies 
should (and must) be aware of the various ways in which a shell could malfunction – and the 
impact that may have on people or structures.  Examples of malfunctions and their potential 
impact in determining whether the risks from a display are acceptable include: 
 

 A shell fired at its desired (planned) angle but bursting “normally” at a very low 
height (e.g. as it leaves the mortar). The stars from the shell will extend to the 
“normal” shell burst radius from, essentially, the point of firing. In most (but not all) 
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cases such shell burst radii are less than even the most lenient “fixed rule” safety 
distances 

 A shell fired at its desired (planned) angle but failing to burst at the apex of its flight. 
The shell falls to the ground when one of three things may occur: 
 

o It bursts “normally” on its descent – if the shell is in a position where the stars 
may reach people or structures then injuries (or even fatalities) or damage may 
occur. If the shell bursts within the audience area then direct blast or fragment 
damage to persons may result 

o It reaches the ground without bursting – in which case injuries (or fatalities) or 
damage may occur directly from the mass of the fast moving object 

o It reaches the ground and bursts igniting the stars and fragmenting the case – if 
this is within an audience area then burns (from close proximity to the shell) or 
direct blast or fragment damage to persons may result 

 A shell failure disrupts adjacent mortars which are then fired at undesired (and 
unpredictable) angles. The second (and potentially several) shells may now 
themselves function “normally” or “abnormally” and may impact persons or 
structures from either “normal” debris or as a result of bursting in close proximity to 
them. 

 
These are what may be called “Low Frequency/High Hazard” risks – they do not occur often 
but the consequences are severe. These failures are also affected by shell firing angle and 
wind strength and direction. 
 
What is an acceptable level of risk? 
In many ways this is the most critical of questions to ask of all the participants. Without some 
knowledge of what is an acceptable level of risk either we should assume this level is zero – 
but this is rarely achievable, desirable, or even expected. There are occasions where the event 
organizer might indeed demand a zero (or very near zero) risk – for instance a very high 
profile international event with vulnerable participants, such as the opening ceremony of the 
Olympic Games where the World’s media is focused on the event and will be quick to 
criticize any shortcomings and, of course, where the athletes are about to perform at their 
long trained for disciplines. 
 
On the other hand, and for many events, it is acceptable to all to recognize that there is a low 
(very low) level of risk – but that there remains a risk. What is important therefore is for all 
participants to understand what these risks are, what the associated hazards are, and of course 
how likely these hazards are to occur. 
 
Comparisons of shell “safety” distances 
We have attempted to compare the “safety” distances for the various methods used around 
the World in order to assess what risks are actually considered by the so-called “fixed-rule” 
systems available, and to highlight whether these adequately assess all of the risks at a 
display. Further details and summaries of the methodologies used are presented in previous 
papers by Smith and Lohrer2,3. Table 1 outlines the basic methodology of the various systems 
in use throughout the world. 
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Table 1 – Approaches used by various International systems to determine “Safety” distances 
 Name Basis Comments 
US NFPA 11232 Fixed distance per shell 

diameter 
 

Canada Display Fireworks 
Manual3 

Fixed distances dependent on 
shell diameter, site layout 
and firing angles 

 

Australia Safe use of outdoor 
fireworks in 
Western Australia4 

Fixed distances up to  
300 mm shells based on dud 
shells landing on the ground 

Vulnerable sites require 2x 
distance 

France  Fixed distance per shell 
diameter or apogee and effect 

Differentiation between normal 
shell and “report shell” (aural 
main effect) 

Germany  Fixed distance per shell 
diameter or apogee and 
effect.   

Differentiation between normal 
shell and “report shell” (aural 
main effect) 

UK   There are no fixed distances for 
professional users – distances 
are determined by companies on 
the basis of their own site and 
product risk assessments 

 
The effect of mortar firing angles and wind 
One factor that became immediately obvious was the approaches (or lack of them) to deal 
with the effect of mortar firing angles and of wind on the fixed-rule “safety” distances. The 
following Table 2 outlines the basic methodology for dealing with firing angles and wind 
speed/direction of these systems. 
 

Table 2 – The approaches used to account for the effects of firing angle and wind 
 Angled shells Wind Comments 
US Offset changes position of 

mortars within secured 
diameter (which does not 
change) 

  

Canada  Reduction in maximum shell 
caliber or angling mortars into wind 

 

Australia Table considers various 
launch angles up to 45° and 
increases distances based on 
dud shells 

Operators should consider the 
effect of wind to increase flight 
distances – table illustrates values 
for vertically fired shells 

We presume the 
minimum 
distances apply 
unless the “shell 
drift” distance is 
greater 

France Does not appear to have 
fixed rules for this factor 

Does not appear to have fixed rules 
for this factor 

 

Germany Distances increased 
depending on firing angles 
(distances may be decreased 
in opposite direction) 

Distances increased depending on 
wind strength in direction  of wind 
(distances may be decreased in 
opposite direction) 

 

                                                             
2 NFPA 1123 is available from http://www.nfpa.org/codes-and-standards/document-information-
pages?mode=code&code=1123 
3 Display Fireworks Manual 2010 available from http://www.nrcan.gc.ca/explosives/fireworks/9903 
4 Safe use of outdoor fireworks in Western Australia is available from 
http://www.dmp.wa.gov.au/documents/Code_of_Practice/DGS_COP_SafeOutdoorFireworks.pdf 
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Firing shells at 45 degrees – the worst case scenario 
None of the systems outlined (with the possible exception of the Australian system) consider 
the ultimate worst case scenario whereby a shell is accidentally discharged from a mortar 
which is angled at 45° downwind. Such a situation may occur where, for instance, the failure 
of a previous shell has disrupted a mortar rack and caused subsequent mortars to be 
displaced. 
 
Of course, this situation is extremely rare, but the consequences of such an accidental 
discharge are potentially severe. Indeed we have argued that it may be somewhat more 
frequent now that displays are fired somewhat remotely (i.e. electrically) where it may be 
impossible to halt the firing program before the affected shell is fired. We do believe that if 
the shells had been hand-fired it would be irresponsible and thankfully unlikely that a firer 
would attempt to fire a shell from a mortar displaced from its intended firing angle! This is 
not to say, of course, that we advocate hand firing over electric firing – but it illustrates nicely 
that reducing the risks to one set of people (the firers) may actually increase the risks to 
another set of people (the audience) and therefore that measures should be taken to ensure 
that even in this circumstance the resultant risks are acceptably low.   
 
Assessment of the risks involved might lead to a redesign of mortar crates to prevent a 
prematurely functioning shell to disrupt adjacent mortars in a rack (refer to Smith5) or even, 
and especially where the cost can be justified over repeated shows, of the use of “catchers” to 
prevent low trajectory shells reaching the audience. 
 
Distances 
Table 3 highlights the derived distances for a variety of scenarios across the various countries 
examined for a variety of similar situations. In some cases various assumptions have been 
made which are expanded below. The Shellcalc© distances are shown as those calculated for 
the intended firing angle in the relevant wind, and for a displaced mortar angled at 45° with a 
“tailwind” – i.e. the greatest possible combination of effects. 
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Table 3 – Safety distances from various international systems and comparison with ShellCalc© 
derived distances for shells 

 “Safety” distances (m) Calculated ShellCalc© 
distances (m) 

Calculated ShellCalc© “45°” 
distances (m) 

Firing 
angle 

Wind 
speed 

Shell 
calibre 

USA CA AUS FR DE Blind Blind 
+ 
Burst 

Fallout LD 
fallout 

Blind Blind 
+ 
Burst 

Fallout LD 
Fallout 

0 0 

75 64 95 45 60 60 31 69 16 54 214 252 167 204 

100 85 115 75 80 80 40 90 21 71 283 333 216 266 

125 107 145 100 100 100 46 109 24 87 327 390 250 313 

150 128 175 150 120 120 49 124 27 102 370 445 280 355 

200 171 230 200 160 160 59 159 33 133 442 542 335 435 

10 0 

75 64 95 64 60 84 96 134 62 103 214 252 167 204 

100 85 115 79 80 112 126 176 80 134 283 333 216 266 

125 107 145 100 100 140 146 209 92 160 327 390 250 313 

150 128 175 150 120 168 161 236 94 169 370 445 280 355 

200 171 230 200 160 224 194 294 113 213 442 542 335 435 

20 0 

75 64 95 119 60 108 149 187 99 140 214 252 167 204 

100 85 115 145 80 144 196 246 128 182 283 333 216 266 

125 107 145 169 100 180 227 290 147 215 327 390 250 313 

150 128 175 191 120 216 252 327 157 232 370 445 280 355 

200 171 230 230 160 288 304 404 187 287 442 542 335 435 

0 10 

75 64 95 45 60 60 52 90 69 141 234 272 205 264 

100 85 115 75 80 80 66 116 87 181 309 359 263 339 

125 107 145 100 100 100 74 137 98 210 356 419 301 394 

150 128 175 150 120 120 81 156 107 237 400 475 335 442 

200 171 230 200 160 160 93 193 124 288 473 573 396 533 

0 20 

75 64 125 59 60 60 76 114 121 228 256 294 244 324 

100 85 145 75 80 80 95 145 152 291 334 384 310 414 

125 107 175 100 100 100 105 168 171 334 384 447 353 476 

150 128 205 150 120 120 113 188 187 373 427 502 391 531 

200 171 260 200 160 160 126 226 215 444 505 605 458 633 

20 20 

75 64 125 179 60 108 197 235 192 293 256 294 244 324 

100 85 145 210 80 144 254 304 244 374 334 384 310 414 

125 107 175 236 100 180 290 353 277 430 384 447 353 476 

150 128 205 261 120 216 321 396 305 480 427 502 391 531 

200 171 260 302 160 288 377 477 357 572 505 605 458 633 
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Notes 
Shell calibres are in m, Firing angle is from vertical, Wind Speed is in kmph 
Blind = shell fails to burst and lands on ground 
Blind + Burst = shell fails to burst in air and ignites on impact with ground, diameter of shell burst as designed 
Fallout = “normal” fallout – shell fragments etc 
LD Fallout – long duration stars – eg Kamuro 
Shellcalc© calculations done with “typical” mortar barrelling/tumbling enabled 
Complex (ie wind and angle) distances are taken as cumulative – ie angled mortars in wind need both terms applied 
 
The following graphs illustrate the differences. 
 

 
Figure 1 – Distances derived from the systems investigated for shells fired vertically in a 0 

kmph wind 
 
Key to Figure 1 

 
 
SC Blind = “blind shell” 
SC Debris = “normal” debris 
SC Blind/Burst = “blind” shell bursting on impact 
SC LW = Lightweight (or long duration) debris and sparks 
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Figure 2 – Distances derived from the systems investigated for shells fired at 20 degrees in a 20 kmph 
wind 

 
 
 
Key to Figure 2 

 
 
SC Blind = “blind shell” 
SC Debris = “normal” debris 
SC Blind/Burst = “blind” shell bursting on impact 
SC LW = Lightweight (or long duration) debris and sparks 
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Assumptions made and observations of the various systems 
We have had to make some assumptions in our analysis of systems in other countries and we 
are grateful to colleagues in those countries for correcting us where necessary. 
 
US 

 The distances are not increased for varying wind strengths 
 1/3 offset distances for angled shells are not applied to angled firing for aesthetic 

effect  
 It is acknowledged that the figures are a compromise between enforcers and industry 

and not based on tests or modelling 
 Does not deal with fireworks angled in fan shapes. It seems confusing what distances 

should be applied using the 1/3 offset principles - are these “correspondingly 
increased” in the direction of the angle for all angles? 

 No quantification of “angle” 
 No apparent increased distances for wind 

 
Canada (CA) 

 Does not address angled fireworks adequately 
 Proposes that on circular sites shells are fired into the wind (even if this is towards the 

audience) – in the case of a dud shell this could be a high hazard event 
 Proposes reducing shell size in windy conditions – but the proposals are arbitrary 

 
Australia (AUS) 

 The maximum of the “minimum separation distance” and the shell “dud” distances are 
used where mortars are angled in varying wind strengths 

 
France (FR) 

 Considers malfunction of the shell burst only (i.e. a “blind” shell) but ignores crucial 
aspects of shell/mortar failure 

 
Germany (DE) 

 Considers malfunction of the shell burst only (i.e. a “blind” shell) but ignores crucial 
aspects of shell/mortar failure 

 
General points 
In general “fixed rule” systems do not attempt to reflect different performance parameters of 
shells, nor their construction. The German and French systems allow for calculations to be 
made on the basis of shell apogee as well as shell diameter, whichever provides a greater 
value. In practice therefore this is a better determinant of “safety distance” than suggested by 
table 3 above. 
 
We believe that the approach of the European Standard for shells (part of the Category 4 
standard6) which will label shells with their performance characteristics including 
 

 Burst height (mandatory) 
 Burst diameter (optional) 

 
under “standard” conditions will go a long way to providing relevant information to users to 
enable them to calculate appropriate distances at a display. However it is recognized that such 
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“Standard” conditions may not reflect the practices used by individual display companies – 
for instance mortar lengths and inside diameters may vary – in realistic conditions on display 
sites. However the “Standard” information provided will allow display designers a reference 
point in their calculations using a variety of methods. 
 
Risk assessment aspects 
The above discussions highlight, we hope, the merits of the approach to apply flexible “safety 
distances” at displays, rather than fixing a single safety distances values on the labels which 
does not account, in all the International systems examined for: 
 

 Firing angles 
 Low frequency/high hazard events (e.g. “Blinds”) 
 Wind strength and direction 

 
We believe a site and product specific risk assessment, leading to objective criteria for 
cancellation or curtailment of a display, is the best way to ensure both a low (or near-zero) 
risk display and realistic expectations for the event organizers and, perhaps, the media 
without the pressure on the display company to carry on firing in a “the show must go on” 
approach. 
 
“Fixed rule” regimes undoubtedly have the benefit of simplicity, but we do not believe that 
they always highlight all of the risks involved, be they high hazard/low frequency or low 
hazard/high frequency.  
 
For small events simple distance tables may be appropriate (but necessarily pessimistic) but 
for the largest displays, where the planning timescales and the nature of the event allow 
proper risk assessments to determine the distances to address both high frequency/low hazard 
events and low frequency/high hazard events, a more rigorous approach is both necessary and 
justified. 
 
Cautionary note 
It is essential to understand that, as this paper has demonstrated and all firework display 
companies and planners know, that there are risks from the shows that are fired, both from 
low frequency/high hazard and high frequency/low hazard events. Organizers and 
commissioners of displays need to agree with all the other parties involved whether a display 
should pose a low and acceptable level of risk, or should be designed and fired so as to 
present essentially “zero” risk. 
 
Unless all parties (organizers, producers, enforcing authorities, display designers and firers) 
agree, accept and act to produce and fire a display that meet these risk criteria then when (not 
if) there is an incident the liability may not be shared equally between all the participants. 
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CONCLUSIONS 
 

The variety of systems in use throughout the world inevitably is led by varying historic 
custom and practice as well as revision post-incident investigation.  
 
In general we have identified that there are low frequency/high hazard events which exceed 
the distances in most countries, sometimes significantly. However we believe that a proper 
appreciation of the potential risks, and a sound relationship between event organizers, 
enforcing authorities and the display companies do not mean that the maximum distances 
have always to be applied. 
 
This paper seeks to highlight that there are risks outside what may be the “safety distances” 
applied by various “fixed rule” methodologies throughout the world to planning firework 
displays and that in some cases, where shells are fired at angles or in strong wind conditions, 
where these risks are significant. 
 
It is important to appreciate that a risk based determination of “safety distances” does not 
mean that the greatest possible calculated distance from trajectory and fallout modelling must 
be used in deciding where an audience should be positioned (or more likely what maximum 
shell caliber and firing angles are appropriate). 
 
A risk based approach seeks to quantify the risks and to accept that the risks are reduced to 
acceptable levels – but recognizes that they are not eliminated. 
 
For some shows it may be necessary to reduce the risks to as near zero as possible, but this is 
a fundamental decision which must be taken early by the event organizers and the 
contractors. It is not acceptable to make late changes under pressure to perform. Sensible and 
systematic assessment of the risks from a display must be done at the planning stages, and 
ideally contingency planning built into the display so that clear objective criteria may be 
developed and “signed off” to curtail or even cancel a display. 
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ABSTRACT 
 
The European standard series EN 16261 consisting of four parts deals with the testing and 
assessment of display fireworks in order to satisfy the essential safety requirements of the 
Directive 2007/23/EC which have to be met before placing these articles on the EU market. 
The current version of this standard provides mortar dimension limits to be used for the 
assessment of burst heights of spherical shells, but lacks corresponding provisions for 
cylindrical shells. The aim of this study was threefold: 
 

1. To check whether the requirements for spherical shells would overlap with the ones 
for cylindrical shells, 

2. To compare several test procedures for height measurements with each other to 
minimize the measurement uncertainty of the effect dimensions, and 

3. To evaluate drift distances in order to check whether the current national provisions 
on safety distances for professional fireworks displays need adaption during the 
implementation of the new European directive 2013/29/EU on pyrotechnics in 
German legislation. 

 
For this study, a large number of cylindrical shells was specifically manufactured to 
guarantee full control on all relevant constructional aspects. These shells were designed with 
a smoke tracer and no burst charge so that they would fall back to the ground in order to 
investigate their drift distances. Their gross mass corresponded to commercially available 
display shells, though, consisting of defined inert substances inside the shell. The following 
parameters were varied in this study: caliber (75 mm, 100 mm, 150 mm), shell length per 
caliber (single and double length), lift charge (hard and soft burst effect), mortar length per 
caliber (short and long). In total, more than 120 shells were manufactured and tested. 
 
Results show a good application of the proposed test procedures regarding the mortar 
dimensions given in the standard series for cylindrical shells as well. The following test 
procedures were part of this study: Radar Doppler system, video grammetric system, 
universal surveying instruments, and mortar internal pressure measurements. Observed drift 
distances in relation to the caliber and effect heights are discussed and assessed. 
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INTRODUCTION 
 
Before display fireworks are permitted to be placed on the European Community Market, 
they need to undergo extensive functional testing. The European Directive 2007/23/EC1 of 
the European Parliament and of the Council of 23 May 2007 on the placing on the market of 
pyrotechnic articles, and flanked by the corresponding standard series EN 162612, sets the 
essential safety requirements as well as corresponding test and assessment methods. This 
Directive will be replaced by the recast 2013/29/EU3 from July 2015 on. The general 
conformity assessment procedures that are applicable for fireworks were presented in the 
recent years by several authors3-7. 
 
When shells are tested for function, several mandatory parameters have to be measured (see 
EN 162612), amongst other the burst height. With focus only on this parameter, the burst 
height, several test methods are proposed by the standard EN 162612, such as universal 
surveying instruments (USI), i.e. theodolites, electronic spirit levels or video (visible and/or 
infrared) systems. In addition, the tests shall be performed using standardized mortars in a 
given regime (inner length as a function of caliber) in order to assure comparability of results 
from the test institutes and manufacturers. These caliber-mortar dimensions apply only to 
spherical shells, not explicitly to cylindrical shells. 
 
Investigations by Douet et al.9 regarding the envisaged comparability of test results between 
several test institutes and methods within a reported Round Robin Test have shown that the 
investigated heights of single burst events differed significantly from each other. This 
observation is of specific concern, as the measured burst heights are taken as the basis for the 
calculations of respective safety distances in many EU Member states, as recently shown by 
Lohrer10 and Smith and Lohrer11. 
 
Due to the reasons stated above, the following questions were raised, in order to be answered 
within a research project: 
 

1. Are the requirements for spherical shells with regards to the mortar dimensions 
(regimes of inner length per caliber, see EN 162612) also applicable for cylindrical 
shells? 

2. Are the proposed test methods in EN 162612sufficient to cope with the required burst 
height information within type and batch testing? 

3. Are the safety distances required by German regulations sufficient to cover possible 
malfunctioning of cylindrical shells, such as blind drop on ground? 

 
This research project was carried out by BAM in close cooperation with WECO 
Pyrotechnische Fabrik GmbH, PLÁSTICOS GAMÓN, S.A. and the Technical Center for 
Weapons and Ammunition (WTD 91) of the Federal Office of Bundeswehr Equipment, 
Information Technology and In-Service Support (BAAINBw). 
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APPROACH 
 
General 
In order to investigate the influence of the mortar dimensions and constructional properties of 
cylindrical shells (caliber and length) on the burst heights or exit/muzzle velocities, a full 
control on these and other impact parameters is desirable. These parameters are (not 
exhaustive): 
 

 Caliber of shells and mortars 
 Lengths of shells and mortars 
 Delay fuse burning time (spolette) 
 Lift charge type, quantity and igniter placement inside charge 
 Shell casing (quality and reliability)  

 
For this reason, it was decided early in this project to specifically manufacture the cylindrical 
shells, rather than buying commercially available articles on the market. In order to 
investigate the drift distance for the concerned parameter variations, the shells had to be 
manufactured without burst or effect charges so that it would drop back to the ground. 
Though, without bursting in the sky, the apex (highest point of ascent) was expected to be 
difficult to monitor. In consequence, a smoke tracer was included in the shell to increase 
traceability during ascent and descent. The gross masses of the cylindrical shells were 
designed to comply with the masses of real comparable shells by using an inert substance 
mixture (kaolin and saw dust) as filling material. 
 
The following parameters were varied in this study: 
 

 Shell caliber (75 mm, 100 mm, 150 mm), 
 Shell length per caliber (single and double length), 
 Lift charge (hard and soft burst black powder), 
 Mortar length per caliber (regular and long). 

 
For each parameter, at least 5 fireworks shell samples were manufactured and tested to obtain 
an acceptable level of reproducible test results. In total, 122 shells were manufactured and 
investigated within this project. 
 
Material 
Mortars 
The mortars used for this study are commercially available fiberglass mortars. For each 
nominal caliber (75 mm, 100 mm and 150mm), two lengths were provided (regular “R” and 
long “L”, as indicated in Table 1). The mortar dimensions are in line with the requirements of 
the European Standard series EN 162612 (Figure 1). In Figure 1, the regular length mortar 
“R” is denoted by “S” for short mortar, that is, R = S. 
 

Table 1 - Dimensions of the mortars used for this study 
Nominal caliber 75mm 75mm 100mm 100mm 150mm 150mm 
Mortar reference 75R 75L 100R 100L 150R 150L 
Inner diameter mm 77 77 104 104 155 155 
Inner length mm 410 465 515 600 702 884 
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Figure 1 - Dimensions of the mortars and requirements of the standard series EN 162612 

(dotted lines for min and max; short [S]; long [L]) 
 
Shells 
The (inert) cylindrical shells were specifically manufactured for this study, with the 
corresponding design parameters displayed in Table 2. Two types of lift charges were used: 
 

 Type A: “Hard burst” fine black powder (WANO Schwarzpulver GmbH, 1.68 - 2.5 
mm grained, hazelnut charcoal). Typically used for German display shells. 

 Type B: “Soft burst” coarse black powder (WANO Schwarzpulver GmbH, 1.7 - 4.75 
mm grained polished). Typically used for heavy Italian and Portuguese display shells 

 
Table 2 - Design parameters of the cylindrical used for this study 

Nominal caliber 75 mm 75AS 75AD 75BS 75BD 
Type of lift charge (A/B) A A B B 
Mass of the lift charge (g) 30 35 30 35 

Gross mass (g) 250 480 250 480 
Shell diameter (mm) 68 68 68 68 

Shell length (mm) 76.7 153.4 76.7 153.4 
Nominal caliber 100 mm 100AS 100AD 100BS 100BD 
Type of lift charge (A/B) A A B B 
Mass of the lift charge (g) 40 50 40 50 

Gross mass (g) 600 1100 600 1100 
Shell diameter (mm) 93.9 93.9 93.9 93.9 

Shell length (mm) 101.8 203.6 101.8 203.6 
Nominal caliber 150 mm 150AS 150AD 150BS 150BD 
Type of lift charge (A/B) A A B B 
Mass of the lift charge (g) 120 150 120 150 

Gross mass (g) 2150 4100 2150 4100 
Shell diameter (mm) 140.2 140.2 140.2 140.2 

Shell length (mm) 153.4 310 153.4 310 



108 

For the 75 mm as well as 100 mm shells, plastic casings and for the 150 mm shells, cardboard 
tubes and plastic plugs from PLÁSTICOS GAMÓN, S.A. were used. Cross-sectional views 
of the cylindrical shells are given in Figure 2. 
 

 
 

  

 

 

Figure 2 - Cross-section views of the manufactured cylindrical shells 
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Electric igniters (Type EPX2-S, bridge resistance 0.46-0.60 Ohm, ignition delay 15-35 ms, 
coated with an ESD-protective varnish) were inserted and fixed right in the middle of the lift 
charges. Figure 3 illustrates a small selection of the manufactured cylindrical shells. 
 

 
Figure 3 - Variety of manufactured cylindrical shells 

 
Instrumentation and test methods 
Overview 
The measurement parameters, expected measurement ranges and the techniques are displayed 
in Table 3. 
 

Table 3 – Measurement systems used for this study 
Technique & equipment Parameters Range 
Quartz sensor Maximal pressure pmax 

Pressure at the exit pexit 
0 – 3000 kPa 

Radar-Doppler system Muzzle velocity vo 0 – 200 m/s 
High speed camera Exit velocity ve 0 – 250 m/s 
Videogrammetric system Apex height HapexVGS 30 – 300 m 
Angle measurers Apex height HapexAM 30 – 200 m 
Laser distance measurer & 
GPS compass 

Position of the blind shells 0 – 200 m 

Meteorological station Wind speed and direction 0 – 20 m/s; 0- 360° 
 
The general setup at the BAM test ground technical safety in Horstwalde/Germany is 
illustrated in Figure 4. 
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Figure 4 – Test setup at the BAM test ground technical safety in Horstwalde/Germany 

 
Pressure acquisition 
Some mortars were equipped with pressure transducers in the bottom of the tubes in order to 
monitor the pressure-time history below the shells during lift and exit of the shells in the 
mortars. The pressure transducers were centrally mounted at the bottom of the mortar. A 
protective cap was located above the transducers for protection from particles/debris, and a 2 
mm silicon layer was added to the surface of the quartz as flame/heat protection. 
 
Pressure transducers from PCB (113B26) were used, offering a sensitivity of 1.45 mV/kPa, a 
resolution of 0.014 kPa, with a rise time ≤ 1,0 µs. The pressure acquisition system was 
triggered with the electrical pulse from the firing system. The final data curves were 
smoothed with a Sayitzky-Golay filter (100 points, 3rd order). 
 
Figure 5 and Figure 6 illustrate this setup. 
 

 
Figure 5 – Cross-sectional view of the pressure sensor mounting inside a mortar 
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Figure 6 - Mounting of pressure sensors in the mortars 

 
Radar-Doppler 
The Radar-Doppler system used was a WEIBEL W700 with an antenna type SL-525P. The 
muzzle velocity of the shell is determined at the open end of the mortar. The instantaneous 
velocity is measured all along the trajectory of the shell (as long as the projectile remains in 
the emission/reception cone of the antenna). The measurement uncertainties of the muzzle 
velocity and apex height are estimated at ~2% and ~5%, respectively. 
 
High speed video camera 
A MotionBLITZ® EoSens® Cube/mini high speed camera was used for the assessment of 
the exit velocity (frame rate 2000 f/s). The exit velocity is determined at 2 m above the 
mortar muzzle using height references (poles with markings). The measurement uncertainty 
is estimated at ~1% (±0.5m/s at a velocity of 100 m/s). 
 
Videogrammetric system 
The videogrammetric system (VGS) used was a Clauss Elevation 4. Two cameras were 
perpendicularly located to each other with respect to the firing point and located at 100 m to 
the firing point. The measurement uncertainty of the Clauss Elevation 4 videogrammetric 
system is estimated at ~2% (resolution ± 1m at height measurement of a projectile at an 
altitude of 100 m) in case the pyrotechnic device has a visible burst effect that can be clearly 
identified on the screen. The measurement uncertainty might be higher when no burst effect 
is visible. 
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Angle measurer (USI devices) 
Angle measurers (AM) from Bosch mounted on a graduated base were used for height 
measurements, as a back-up system for the Videogrammetric system. The minimum reading 
angle (vertical and horizontal) was 1°. Previous investigations of Douet et al.9 have shown 
that the measurement uncertainty of effect/burst height using USI devices could reach up to 
20-30%. In these test series, the average deviation of HapexAM in comparison with HapexVGS 
was estimated at 5% (mean average of the absolute deviation of single AM measurements 
with respect to the VGS values; mean average calculated over 28 shots from different 
calibers). 
 
Laser measurer 
The location of the blind shell on the ground after drop was determined using a laser distance 
measurer. The measurement uncertainty of the laser measurer is estimated at ~2 % (±0.5 m at 
a distance of 50 m). The drift orientation with regards to the firing point is measured using a 
GPS compass. Minimum reading angle is 1°. 
 
Meteorological data 
The environmental conditions (wind speed and direction, temperature, relative humidity) 
were provided by the Deutscher Wetterdienst Potsdam (DWD) meteorological station located 
on the BAM TTS testing ground. The station is located at a height of 18 m on the top of a 
drop tower on the same test ground. Data were recorded every minute. 
 
 

RESULTS & DISCUSSION 
 
General overview 
In total, 122 shells were fired in this study (41 pieces of 75 mm shells, 41 pieces of 100 mm 
shells and 40 pieces of 150 mm shells). The overall measurement ranges with respect to the 
nominal caliber are given in Table 4. 
 

Table 4 - Observed overall ranges of the investigated parameter values 
Nominal caliber 75 mm 100 mm 150 mm 

Pmax  (kPa) 400-1400 400-1550 700-2100 
Pexit  (kPa) 380-1100 300-750 400-700 
vo (m/s) 50-100 50-100 60-110 
Hapex (m) 70-130 70-150 100-190 

 
Due to various technical difficulties, not all values for all performed measurements could be 
post-processed, recorded or assessed. That is why for some parameter settings not all 
envisaged information is available. 
 
Internal pressure measurements 
Measurements of the pressure-time-dependency inside the mortar were performed to 
investigate the influence of the black powder lift charge type, mortar and shell length on the 
pressure-time dependency during lift and exit of the shell inside the mortars. Figure 7 
displays typical readings of the pressure sensors, in this case for cylindrical shells of 100 mm 
caliber, lift charge types A and B, as well as short and long casings. 
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Figure 7 – Exemplary p vs. time curves inside the mortar for several 100 mm shells 

 
The overall averaged pmax values for all three types of calibers, lift charge types A (hard 
burst) and B (soft burst), as well as casing lengths are highlighted in Figure 8. A significant 
influence of the caliber on the pmax values was not observed. Only the highest caliber 150 mm 
showed elevated maximal internal pressures. As expected, the change from single (short) to 
double (long) casings led in all cases to a rise of the maximal internal pressures. 
 

 
Figure 8 – Averaged pmax values inside the mortars for various shells 
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Exit/muzzle velocity measurements 
Another aim of the pressure measurements was to use the transient pressure curve to calculate 
the exit velocities of the shells. These values present another way to validate the muzzle 
velocities that were recorded with the Radar-Doppler system. The exit velocities of some few 
shells were in addition determined with the high speed camera. The exit velocity v0 can be 
calculated by integrating the pressure-time-curve between the two relevant points of time (t0 
= ignition time / begin of lift; texit = shell leaves the mortar) and then multiplying this value 
with the ratio of the cross-sectional area of the shell and the mass of the shell (see Figure 9 
and Eckhardt and Andre12 for further information). The integrations of the pressure-time 
curves were performed with the software Origin 9.0G. 
 

 
Figure 9 – Exemplary p vs. time curve for a short 150 mm shell, lift charge consisting of 

black powder type B 
 
Figure 10 displays an example of the velocity vs. time curve captured with Radar-Doppler for 
a 75 mm shell. The antenna was placed next to the mortar during the experiments. The shells 
entered the emission/reception cone some distance (1.5 to 2 m) above the muzzle of the 
mortar, enabling velocity readings from that time on. As expected, the velocity of the shell 
decreased with time due to the missing thrust after exiting the mortar. The minimum of the 
velocity-time-curve represents the highest point (apex) reached by the shell during the flight. 
The following applies: if the minimum velocity value is zero or close to zero, almost no drift 
occurred. The bigger the minimum value, the greater is the drift in consequence. The muzzle 
velocity was calculated by extrapolation (see trend line in Figure 10) of the velocity readings 
to the time zero. 
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Figure 10 – Exemplary velocity vs. time curve from Radar-Doppler for a 75 mm shell (red 

dots: single values; blue line: trend for extrapolation) 
 
The direct comparison of the exit and muzzle velocities, obtained from the pressure and 
Radar-Doppler measurements, is given in Figure 11. 
 

 
Figure 11 – Comparison of velocities taken from Radar-Doppler and pressure measurements 

for the 75 mm, 100 mm and 150 mm shells where both values were analyzable 
 
The agreement of the values is satisfying, considering the measurement uncertainties and 
corresponding data interpretation difficulties: 
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 Pressure measurements: the exact setting and identification of the relevant integration 

limits (t0 and texit ) was sometimes challenging due to unsteady p-t-curves (in spite of 
the explained protection measures of the sensor). Figure 9 displays an almost ideal 
textbook case, which was not generally observed. 

 Radar-Doppler: the extrapolation to t0 from given velocity values is by nature 
accompanied with an uncertainty. 

 
The overall averaged muzzle velocities (originating from Radar-Doppler measurements) are 
displayed in Figure 12. 
 

 
Figure 12 – Averaged muzzle velocities of various shells 

 
For the soft-burst lift charge Type B an almost linear increasing muzzle velocity with 
increasing caliber was observed. This trend, however, was not detected for the hard-burst lift 
charge Type A. Note that for the shells 150 mm, double length, the hard-burst lift charge A 
the shot was not performed (cardboard casing not able to withstand lift charge initiation).  
 
Comparability of height measurement methods 
Due to the fact that the shells were manufactured without burst charge so that they would 
drop back to ground, it was quite difficult to assess the maximum height (apex) with the 
videogrammetric system (VGS) and normal angle measurers (AM). Even the added smoke 
tracer did not lead to satisfying results. Both methods, the VGA and the procedure for AM 
were already presented in detail by Douet et al.9 and Lohrer et al.15. 
 
Height values were also calculated from velocity readings of the Radar-Doppler system. In 
this case, integration of the velocity curve from zero until the minimum value (corresponding 
to the maximum height/apex) was carried out, leading to a “distance”, which corresponds to 
the apex height if the drift is negligible. However, in praxis the shells often moved out of the 
emission/reception cone of the antenna during ascent. In consequence, the second integration 
limit (minimum values of the shell velocities) was missing, making sensible integration 
impossible. With some exceptions this was unfortunately the general observed case. 
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Furthermore, apex height values were also calculated based on the exit velocity values (as a 
result of the pressure measurements) with the Software ShellCalc© version 5.1.8, refer to 
Harradine and Smith13 and Smith14 for more details on the mathematics behind it and 
application details. The following settings were chosen: wind 0 m/s, tumbling typical, height 
of launch 0 m, elevation 80 m, terrain category 2; other default or zero. 
 
Figure 13 to Figure 15 illustrate for some shells the corresponding apex heights, determined 
through different methods and approaches. As explained, not all values from the respective 
methods and procedures were available for all shots. 
 

 
Figure 13 – Apex heights for 100 mm shells, lift charge B, single length casing 

 

 
Figure 14 – Apex heights for 100 mm shells, lift charge B, double length casing 
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Figure 15 – Apex heights for 150 mm shells, lift charge B, single length casing 

 
It was noticeable, that the consensus of the respective values originating from the different 
methods was also quite satisfying. Especially the calculated values from ShellCalc© (exit 
velocities used as influencing parameter; exit velocities themselves calculated from pressure 
measurements below the shells inside the mortars) were in good agreement with values of the 
precise videogrammetric system.  
 
Effect of shell design 
The overall averaged performance parameters for the three investigated caliber shells and two 
types of lift charges A and B are presented in Table 5. The apex heights Hapex were 
determined with the VGS and the v0 with the Radar-Doppler system. 
 

Table 5 – Averaged performance parameters 
  

Casing 
75 mm 100 mm 150 mm 

Lift charge A Lift charge B Lift charge A Lift charge B Lift charge A Lift charge B 
 
Pmax (kPa) 

S 976 ± 125 489 ±68 710 ± 85 425 ±40 1425 ±63 770 ±55 

D 1379 ±71 710 ±85 1323 ± 152 667 ±80 2106 (2) 1150 ±118 
 
vo (m/s) 

S 91 ±6 61 ±5 85 ±4 66 ±2 102 ±4 79 ±2 

D 82 ±1 54 ±2 79 ±2 60 ±2 (3) 68 ±1 
 
Hapex (m) 

S - 90 ±7 138 ±6 96 ±8 187 ±4 135 ±6 

D 74 (1) 88 ±10 143 ±13 102 ±4 (3) 134 ±10 
(1) Single value available over one series. Only one shell out of 5 of the series 75AD was visible 

on the VGS records (poor contrast) 
(2) Single value for this configuration. Only one shell 150AD was fired 
(3) No values for muzzle velocity and effect height. 150AD broke on flight; the cardboard casing 

could not stand for the high strain generated from hard burst of the Black powder type A 
 
In consequence, the following effects were observed: 
 

 Use of lift charge type A (hard burst) instead of B (soft burst): 
o Increased Pmax roughly by factor 2 for all calibers  
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o Increased muzzle velocity roughly by factor 1.4 for all calibers 
o Increased apex heights only for larger calibers 100 mm and 150 mm. 

 
 Use of a double casing (including ~ +20% mass of lift charge more than in the single 

casing) instead of a single casing: 
o Increased Pmax roughly by factor 1.5 for all calibers  
o Decreased muzzle velocity roughly by factor 0.4 for all calibers 
o No significant influence on apex heights detectable 

 
Effect of Mortar design 
The overall averaged values with regards to the influence of the mortar lengths on the 
performance parameters are given in Table 6 for the single casing and in Table 7 for the 
double casing cylindrical shells. 
 

Table 6 – Averaged performance parameters for cylindrical shells with single casings 
 Mortar 

length 
75 mm 100 mm 150 mm 

Lift charge A Lift charge B 
BS 

Lift charge A Lift charge B 
BS 

Lift charge A Lift charge B 
BS  

Pmax (kPa) 
R 976 ±125 489 ±68 710 ±85 425 ±40 1425 ±63 770 ±55 

L 739 ±44 - - - - 607 ±81 
 
Vo  (m/s) 

R 91 ±6 61 ±5 85 ±4 66 ±2 102 ±4 79 ±2 

L 86 ±6 - 82 ±12 - - 78 ±2 
 
Hapex (m) 

R - 90 ±7 138 ±6 96 ±8 187 ±4 135 ±6 

L 117 ±8 - 131 ±8 - - 139 ±5 

 
Table 7 – Averaged performance parameters for cylindrical shells with double casings 

 Mortar 
length 

75 mm 100 mm 150 mm 

Lift charge A Lift charge B 
BS 

Lift charge A Lift charge B 
BS 

Lift charge A Lift charge B 
BS  

Pmax (kPa) 
R 1379 ±71 710 ±85 1323 ± 152 667 ±80 2106 (3) 1150 ±118 

L 973 (1) - 892 (2) - - - 
 
Vo  (m/s) 

R 82 ±1 54 ±2 79 ±2 60 ±2 (4) 68 ±1 

L 75 (1) - 76 (2) - - - 
 
Hapex (m) 

R 74 (1) 88 ±10 143 ±13 102 ±4 (4) 134 ±10 

L 121 (1) - 130 (2) - - - 
(1) Single value available over one series. Only one shell out of 5 of the series 75AD was visible 

on the VGS records (poor contrast) 
(2) Single value available. Only one 100AD shell was fired using the long mortar 
(3) Single value for this configuration. Only one shell 150AD was fired 
(4) No values for muzzle velocity and apex height. 150AD broke on flight; the cardboard casing could 

not stand for the high strain generated from hard burst of the Black powder type A 
 
The use of the long mortars instead of regular mortars had the following impacts: 

 Significant reduction of Pmax (~ -25% to -30%) 
 Slight reduction of Vo (~ -5%) 
 No significant effect on apex heights 

 
The same trends were observed with lift charge type A and B. 
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Drift effects 
It is a well-known fact that shells tend to drift during the ascent, mainly due to the influences 
of wind and rotation - Magnus force (e.g. refer to Kosanke and Kosanke16). 
 
All manufactured shells of this study were designed to drop back to the ground. The positions 
of the points of drop with regards to the initial shooting point were measured (distance and 
angle) and recorded. Theses single values are displayed in Figure 16. 
 
 

 
75 mm 

 
100 mm 

 
150 mm 

Figure 16 – Drop locations of the shells on ground after drift for the calibers 75 mm, 100 mm 
and 150 mm 

 
A strong and predominant influence of the wind on the drift distance was not observed. Over 
all, the wind speed at a height of 16 m was below 10 m/s, with an average of about 4.5 m/s. 
The wind direction was changing from time to time. 
 
One aim of this project was to check whether the future safety distance regulations in 
Germany with regard to the specific malfunction phenomenon “blind drop” (no function or 
burst in the sky) are sufficient for typical cylindrical shells. For shells with calibre ≥ 50 mm 
used in standard conditions (low wind speed, no tilting of mortars etc.), the following 
regulations apply: safety distance in metre of 80% of burst height or 800 x (caliber in mm), 
whichever is greater. For more details refer to Lohrer10. 
 

Table 8 – Observed rift distances in comparison with safety regulations in Germany 
 Caliber in mm 

75 100 150 
Max. apex height [m]1 130 150 190 

Minimal drift [m] 6 7 9 
Maximal drift [m] 78 63 50 
Average drift [m] 26 26 25 

Safety distance based on 
caliber (800 x cal.) [m] 

60 80 120 

Safety distance based on 
height (80%) [m] 

104 120 152 

1refer to Table 4 
 
According to the findings of this work, the current and future safety distance regulations for 
shells sufficiently cover the hazard of a blind drop (see Table 8) when a 'low-wind' condition 
(≤5 m/s) is observed.  
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CONCLUSIONS 
 
The investigations have shown and confirmed that all used measurement procedures for the 
determination of effect or burst heights have both, advantages and short-comings. The 
videogrammetric system appears to be the optimum amongst the chosen equipment with 
regards to accuracy, handling, costs, additional information (post processing) and sensitivity 
to technical failures. Height values obtained from Radar-Doppler, by integration of the 
velocity vs. time curves, offer also a very good accuracy, but the application is limited to 
small drift effects. Reasons for this are twofold: One, the shell (or bombette) might simply 
move outside the emission/reception cone of the antenna. Second, the bigger the drift is of the 
projectile inside the emission/reception cone, the bigger is the deviation of the calculated 
“distance” from the real height. Other ways of determining heights from the pressure 
measurements inside the mortar, then integrating the p-t-curve and further calculations to get 
the exit velocity and finally using this velocity in ballistic calculations (e.g. with ShellCalc©), 
also reveal satisfying values. However, time spend for post-processing and calculation is 
quite intense (besides additional costs for pressure acquisition, software for integration of the 
p-t-curves and ballistic behavior). 
 
As also shown by the results of this study, the proposed regimes for standardized mortars 
within the series EN 162612 (mortar length limits per nominal caliber) are also applicable to 
cylindrical shells. This was confirmed by respective shells of two different casing lengths 
(single and double length) per caliber and mortar lengths. Applications of different mortar 
lengths within the given limits during type and batch testing, performed by different test 
institutes, should provide similar height values. 
 
The observed drift distances of all investigated parameter variations in this study revealed 
that the current and likely also future safety distance regulations regarding shells are also 
sufficient to cover the specific hazard of cylindrical shells failing to burst in the sky (blind 
drop). However, other associated possible hazards like burst on ground after drop or inside 
the mortar, must additionally be assessed with due care. 
 
 

FUTURE PROSPECTS 
 
This comprehensive project is with regard to at least one other aspect not concluded. During 
the Radar-Doppler measurements, different types of trajectories were identified: 
 

 Linear (almost no self-rotation of the cylindrical shell, observed in 21% of the cases), 
 Erratic (frequent three-dimensional changes of rotation direction of the cylindrical 

shell during flight, observed in 62% of the cases), and 
 Periodic (constant rotation of cylindrical shell after about 2 seconds of flight time, 

observed in 17% of the cases, rotation speed 5-10 rps) 
 
The periodic type of trajectory should have the biggest impact on the Magnus force and 
consequently on the drift, whereas linear and erratic trajectory likely have an insignificant 
influence. Though, future investigations in this field should clarify these aspects. 
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ABSTRACT 
 
Colored light emitting pyrotechnics have been a topic of interest for pyrotechnicians in the 
past decades. The theoretical background of colored flame production has been established. 
Nowadays, the theory is supplemented by the use of more advanced setup. 
 
The main objective of this work was to analyze the influence of oxygen balance on the 
quality and purity of the colored flame produced by a pyrotechnic composition. The 
performed experiments were based on spectrophotometric measurements of the flame, which 
yielded all important spectral data: emission spectrum in the UV-VIS range, color purity, and 
chromaticity coordinates. In addition, the relative light intensities and burning rates were 
measured. 
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INTRODUCTION 
 
Pyrotechnic compositions are designed to burn at high temperatures. The light production in 
the flame is related to either formation of simple gaseous molecules (SrCl, BaCl, CuCl) 
responsible for “true” color production such as red, green and blue, or solid incandescent 
particles (MgO, TiO2, charcoal) responsible for white, yellow and orange sparks and flames. 
These are the two fundamental ways to produce a visual pyrotechnic effect and, from a 
scientific point of view – quite simple. The composition must contain a strong fuel/oxidizer 
mixture capable to produce a high temperature flame and some additional colorants to impart 
a color to the flame. 
 
However, the situation gets much more difficult due to the problem of lack of choice 
explained by Douda1. There are very few elements in the whole periodic table that are 
capable of imparting color to the pyrotechnic flame. These include strontium (red), barium 
(green), copper (blue), sodium (yellow)1. Ellern2 describes lithium (red), boron (green), 
thallium (green), rubidium (red), cesium (blue) as relatively strong coloring agents as well; 
however, they are somewhat impractical for commercial use. Any organic molecules are 
excluded due to low stability at high temperatures. Therefore it is certain that, for example, 
strontium will remain a red flame colorant for decades to come. Barium performs well; 
however, it might be replaced by less toxic boron3-6. Blue flames are in general considered 
“hard to produce” 7. This is once again due to lack of choice for blue flame colorants. Copper 
is the only metal used for this purpose. 
 
In that sense, a technological breakthrough in pyrotechnics (especially in colored flame 
compositions) is unlikely; however, the compositions can be improved. For example, high 
resolution UV-VIS spectrometers are quite useful in measuring emission spectra of the flame. 
This provides information of different species that are present in the flame, and with the right 
approach pyrotechnic compositions can be modified to optimize the desired effect. 
 
The combustion of a pyrotechnic composition is an oxidation-reduction reaction. The fuel 
(such as shellac, charcoal, red gum, aluminum) acts as an electron donor and provides 
electrons to the oxidizer (such as potassium perchlorate, barium nitrate). Such reactions are 
highly exothermic and produce lots of energy in the form of heat. The reaction is self-
sustaining, and the generated heat and gas can be manipulated to achieve a desired effect: 
 

 Flames and sparks require heat in order to excite atoms or molecules to produce light; 
 For sound effects, hot gases expand to: 

o  rupture the casing to produce an explosion or a crackling effect, 
o  produce a humming or a fizzling sound as it is ejected through a nozzle, and 
o  produce a whistle sound as it is ejected in a pulsing behavior through a nozzle. 

 
Oxidizer and fuel are usually separate materials mixed together in a homogeneous blend. A 
few exceptions include nitrocellulose (NC) and ammonium perchlorate (AP), which are 
oxidizer and fuel by themselves. NC is an organic compound and contains nitrate ester 
groups that act as oxidizers, and cellulose fragments which act as a fuel; AP is an ionic 
compound, which contains perchlorate anion as an oxidizer and ammonium cation as a fuel. 
It means that these materials alone are combustible and are usually classified as dangerous 
goods or explosives7. 
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Besides these two, most pyrotechnic mixtures are a blend of two or more compounds. An 
important question that arises when composing pyrotechnic formulations is the proportion or 
stoichiometry of the fuel and oxidizer in the composition. In chemical terms, oxygen balance 
(OB, ) is the key parameter8. In case of an ideal combustion when all fuel is being burnt by 
the oxidizer is called stoichiometric proportion. Carbon is being oxidized to CO2, hydrogen to 
water, metals to metal oxides, and so on. At this point the oxygen balance is  = 0.  
 
When excess of fuel is present in a composition, the OB is negative. At this point combustion 
is incomplete, and the heat output is lower. However, this is not critical, since in most cases 
air oxygen can be the key component that combusts the excess fuel. A practical example can 
be the gasoline fireballs, where air oxygen is the only oxidizer that burns gasoline. In 
addition, a reductive flame atmosphere is achieved with negative oxygen balance 
compositions. It helps to stabilize the color flame emitters from unwanted oxidation7. 
Besides, these compositions have relatively high burning rates. Therefore, most pyrotechnic 
formulations have a negative oxygen balance due to practical concerns. 
 
When excess oxidizer is present, OB turns positive, that means, extra oxygen is being 
released during the chemical reaction. The heat output is decreased and, unfortunately, there 
is no advantage to be found that would promote positive OB compositions for practical use. 
Colored flame formulations contain oxidizer-fuel mixtures with additional colorants that 
impart a specific color to the flame7,9. Even though color purity of the flame is quite 
dependent on the oxygen balance, there was not much research done in this field. 
 
 

APPROACH/METHOD 
 
Chemicals, that were used for the experimental compositions, Sr(NO3)2, Ba(NO3)2 (analytical 
grade) were obtained from Sigma-Aldrich, NH4ClO4, CuO and shellac resin (technical grade) 
were obtained from Blikas Ltd. Shellac is a natural resin, its chemical composition and 
properties are described elsewhere10. The empiric formula of shellac used for the calculations 
was C16H26O4. Before the experiments, chemicals were ground using a mortar and a pestle, 
sieved using a 120 mesh (0.125 mm) sieve to achieve fine powder. After weighing, chemicals 
were mixed to obtain homogenous compositions and were pressed with a hydraulic uniaxial 
press into pellets (12 mm diameter) at the pressure of 5200 N·cm-2. Each pellet’s mass was 
2.00±0.02 g, and the calculated density was in the range of 1.56 - 2.07 g·cm-3. 
 
A prime composition was used to facilitate the ignition of the pellets. It comprised of 66.7% 
KClO4, 19% accaroid resin (red gum), 9.5% birch charcoal, and 4.8% nitrocellulose (all 
technical grade). After wetting with acetone, homogenous slurry was formed. One end of a 
technical 1.8 mm diameter visco fuse was then dipped into the slurry to pick up about 0.05-
0.1 g of the primary composition and pasted onto the top of the pellet. As the acetone 
evaporated, the primary composition solidified and connected the fuse to the composition. 
After 24 h the test units were dry and ready for the experiment (Figure 1).  
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Figure 1 - Completed test units contain 2 g composition pellet, 0.1 g of primary composition 

and a piece of visco fuse. Pressing tools are presented bottom right. 
 
A modern miniature spectrometer OCEAN OPTICS USB4000 with an optic fiber 
(transmittance range 450–1050 nm) was used to measure emission spectra. The integration 
time was set in the range of 8–200 ms. Emission data in the range of 350–1050 nm was 
acquired.  
 
A handmade stand was used to carry out spectrophotometric measurements (Figure 2). The 
frame of the stand was made from 200 mm diameter, 700 mm height spiral wound steel pipe. 
In order to avoid any reflections that may interfere with the spectrophotometric 
measurements, the inside of the stand was painted in a mat black color. For the same reason, 
a ventilator (Figure 2 C) was used to blow away the produced smoke. Emitted light was 
collected through element B (Figure 2) containing the optical lens (Jupiter-11 telephoto lens; 
F = 135 mm; aperture 1:4), and the optical fiber of the spectrometer (Figure 2 G), was set in 
3000 mm distance. 
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Figure 2 - Spectrophotometric measurement stand. Pyrotechnic composition in a pellet form 
(A); optical element (B); ventilator (C); ventilator shield (D); hose (E); door for the access of 

the burning site (F); optical fiber (G); spectrometer (H). 
 
 

RESULTS AND DISSCUSION 
 
The experiment 
Three series of compositions were investigated. Each formulation contained three 
components: ammonium perchlorate (NH4ClO4, oxidizer and chlorine donor), shellac (fuel) 
and a color agent, which was strontium nitrate (Sr(NO3)2) for red, barium nitrate (Ba(NO3)2) 
for green and copper (II) oxide (CuO) for blue flames. In each series, 10 different 
compositions with increasing percentage of shellac were formulated (Table 1). This way, the 
oxygen balance was varied from highly positive to highly negative. The oxidizer ratio (of AP 
with Sr(NO3)2 and Ba(NO3)2 ) was fixed at the value of 1.24, which was observed to be 
optimal in previous experiments11. The burning rate was calculated by measuring pellet’s 
length with a caliper and registering the burning time with a spectrometer; the fraction of 
those two yielded the burning rate. The oxygen balance was calculated using a formula given 
in literature8. 
 
Emission spectra and chromaticity data 
The changes of the flame color were the main objective in this experiment. In Figure 3, 
emission spectra of flames of all test units are depicted in 3D graphs. The x-axis is set for the 
interval of 400–700 nm, which is the visible spectrum. It can be seen how emission spectrum 
is influenced by the change of OB. 
 
There are few tendencies that apply to all three experimental systems. Firstly, with positive 
OB, the flame intensity is very low due to low temperature, or compositions do not burn at all 
(R1 – R2; G1 – G2). Secondly, as  < -24% (test units R9 – R10; G8 – G10; B7 – B10) a 
wide continuous band appears. 
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Table 1 - Summary of the experimental results and ratios, obtained by changing chemical 
composition of the test mixtures. Test units R1, R2, G1, G2 smoldered with no flame when 
ignited or were incombustible; consequently, there was no spectral data obtained for them. 

x y

R1 52.0 42.0 6 22.3 2.01 Incomb. - - - -

R2 50.9 41.1 8 16.1 1.95 Smoulder - - - -

R3 49.8 40.2 10 10.1 1.94 0.55 0.661 0.324 96 614

R4 48.7 39.3 12 4.0 1.91 0.70 0.677 0.317 98 616

R5 47.6 38.4 14 -2.0 1.89 0.79 0.676 0.317 98 616

R6 46.5 37.5 16 -8.0 1.83 0.76 0.668 0.320 97 615

R7 44.3 35.7 20 -19.9 1.77 0.76 0.662 0.327 97 613

R8 42.1 33.9 24 -31.6 1.75 0.69 0.649 0.336 95 610

R9 39.9 32.1 28 -43.2 1.75 0.70 0.538 0.417 87 589

R10 37.6 30.4 32 -54.7 1.74 0.67 0.543 0.420 89 589

G1 52.0 42.0 6 18.6 2.06 Incomb. - - - -

G2 50.9 41.1 8 12.7 2.07 Smoulder - - - -

G3 49.8 40.2 10 6.7 2.03 0.72 0.289 0.638 80 547

G4 48.7 39.3 12 0.8 1.98 0.77 0.229 0.654 71 534

G5 47.6 38.4 14 -5.1 1.96 0.73 0.214 0.665 71 531

G6 46.5 37.5 16 -10.9 1.94 0.74 0.206 0.671 72 530

G7 44.3 35.7 20 -22.5 1.85 0.71 0.270 0.624 71 542

G8 42.1 33.9 24 -34.0 1.80 0.72 0.408 0.517 78 568

G9 39.9 32.1 28 -45.4 1.75 0.69 0.493 0.459 86 581

G10 37.6 30.4 32 -56.6 1.71 0.71 0.521 0.439 88 585

B1 82.3 11.8 6 15.6 1.86 1.22 0.378 0.367 18 583

B2 80.5 11.5 8 9.8 1.81 1.31 0.288 0.318 16 487

B3 78.8 11.3 10 4.0 1.81 1.30 0.244 0.295 33 486

B4 77.0 11.0 12 -1.8 1.81 1.32 0.233 0.288 38 485

B5 75.3 10.8 14 -7.6 1.78 1.31 0.226 0.279 40 485

B6 73.5 10.5 16 -13.3 1.75 1.34 0.226 0.271 42 484

B7 70.0 10.0 20 -24.7 1.70 1.24 0.238 0.275 37 483

B8 66.5 9.5 24 -36.0 1.66 1.10 0.403 0.392 29 580

B9 63.0 9.0 28 -47.1 1.63 1.05 0.450 0.418 47 582

B10 59.5 8.5 32 -58.2 1.56 0.81 0.436 0.407 41 582
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It is produced by incandescent particles that are formed in the flame, when fuel is present in 
excess1. It is insignificant when  is in between -20% to 0%, since the flame temperature is 
still high enough to excite the emitter species. However, with relatively high fuel excess ( > 
20%), a significant amount of heat is lost for the vaporization of fuel molecules. In turn the 
flame temperature decreases and emitter species can no longer be excited. Then, the flame of 
the pellet becomes very similar to a wax candle. 
 
Thirdly, atomic sodium (Na), emission at 589 nm, was present all the time due to impurities. 
It decreases the flame color purity. Fourthly, side-emissions, such as SrOH in red flames, 
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BaO in green flames, CuOH and CuO in blue flames, decrease the color purity. This can be 
noted by comparing color purity values in Table 1 and the magnitude of side-emissions in the 
spectra in Figure 3. They are quite coherent. In addition, low intensity blue flames are more 
sensitive to color purity decrease, since any weak side-emission is very influential. 
 

 

  
Figure 3 - Flame emission spectra of test units depicted in 3D graphs. For better comparison, 

the color of each spectrum roughly defines the real flame color. Dominant emitters are 
marked. 

 
Furthermore, chromaticity coordinates, color purity and dominant wavelength values are 
calculated from the emission spectra (Table 1). The chromaticity coordinates are depicted in 
Figure 4. It can be noted that the best flame colors (R3 – R8; G3 – G7; B4 – B7) were 
obtained with the OB being in the universal interval of -20% to 0%. Individual interval are: 
For strontium flames: Sr  (-30% to +10%); barium green Ba  (-22.5% to +6.7%); copper 
blue Cu  (-24.7% to +1.8%). By practical means, fuel content in colored flame 
compositions is suggested to be in the interval of 12 to 16 wt. % for best performance. 
 
The chromaticity diagram illustrates well how the experimental points are shifted at right 
conditions to the region of the dominant emitter. In all cases, the desired emitters are SrCl, 
BaCl or CuCl. And one of the biggest problems for blue flames is the formation of CuOH, a 
green light emitter. As a result, the color points of blue flames are in between CuOH and 
CuCl emitters. In addition, CuCl emitter is reported to be unstable at high temperatures7,13. It 
could be the case that such compositions of AP, CuO and shellac produce too much heat 
while burnt, partially decomposing the emitter. Therefore, addition of a coolant might be 
beneficial. 
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Figure 4 – The 1931 CIE chromaticity diagram. The experimental points and several 

important emitter coordinates from literature12 (SrCl, Na, BaO, BaOH, BaCl, CuOH, CuCl) 
are included. 

 
Burning rate measurement 
The burning rate dependence on the oxygen balance value is depicted in Figure 5. It can be 
seen that the burning rate of each individual system is maximum when OB value approaches 
zero. If OB is shifted to any side, the burning rate is decreased. In case of red and green 
flames, the decrease of burning rate is remarkably small as opposed to copper blue flames. 
Furthermore, a noticeable decrease in burning rate is observed when OB turns positive, 
especially for red and green systems. 
 
Burning rate of copper blue flames in this experiment is significantly higher than that of 
strontium and barium flames. It can be due to catalytic effect14 of CuO observed in the 
compositions containing AP, since metal oxides were found to catalyze ammonium 
perchlorate decomposition10. Also AP is a stronger oxidizer in comparison with metal 
nitrates, which affects the burning rate as well. 
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Figure 5 - Burning rate dependence on the OB. Each single-color scatter represents one of 
three series of experimental colored flames: strontium red, barium green and copper blue. 

 
 

CONCLUSIONS 
 
A series of ammonium perchlorate based colored flame compositions, containing different 
oxygen balance (OB), were tested. The emission spectra recorded with a UV-VIS 
spectrometer were elucidated with an insight to the theory of colored flame production. 
 
It was observed that flame color and its intensity is quite dependent on OB. For experimental 
compositions, the optimal OB range was measured to be: for strontium flames: Sr  (-30% 
to +10%); barium green Ba  (-22.5% to +6.7%); copper blue Cu  (-24.7% to +1.8%). In 
general, slightly negative oxygen balance that produces a reductive flame atmosphere was 
found to be optimal for all experimental compositions. 
 
Atomic sodium emission at 589 nm was present in all emission spectra due to impurities. 
Even though analytical grade chemicals were used, sodium emission was still visible in all 
emission spectra. It decreases the flame color purity to some degree; therefore, for producing 
colored flame compositions commercially, it is advised to use reagents with the minimum 
sodium content for best flame color purity. 
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ABSTRACT 
 
On May 13, 2000 in The Netherlands a major disaster took place with respect to fireworks. A 
fire at S.E. Fireworks in Enschede led to the explosion of several bunkers including the major 
bunker with fireworks. The explosion killed 23 people, injured 950 and destroyed more than 
200 houses in the surroundings. This incident led The Netherlands to an extensive research 
into the enforcement of regulations and the content of the regulations themselves. An 
extensive research program was set up and resulted in new national and international 
regulations with respect to fireworks.  
 
This paper describes the actions that resulted from the Enschede-disaster. From the update of 
the Dutch Fireworks Act1 and the results of the research project “CHAF” towards the 
‘international default list for classification of fireworks’.  
 
Within The Netherlands we are convinced that the new regulations are contributing to safer 
storage, handling and transport of fireworks. But, what more can we do to make it even safer. 
As an example, within The Netherlands a follow-up to the CHAF-project was promoted and, 
as a result of this, the proposal to put the pyrotechnic ‘waterfall’ higher on the default list was 
highly recommended and approved.  
 
Still, in The Netherlands a lot of effort is put in reducing the number of casualties as a result 
of fireworks. Therefore stronger standards are set for the pyrotechnical contents for different 
types of fireworks. This means that, although a fireworks item has a CE-label, it is not always 
obvious if the fireworks item will apply to the Dutch regulations. Therefore The Netherlands 
recommend discussing certification issues for this problem on an international level.  
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INTRODUCTION 
 
The Netherlands has a long history of firing fireworks during the turn of the year. During the 
New Year’s Eve members of the general public are firing fireworks worth more than seventy 
million Euros. Therefore in The Netherlands several fireworks storage sites existed before the 
year 2000. In one of these storage sites something went terribly wrong on May 13, 2000. On 
that day the fireworks company S.E. Fireworks exploded, mass-exploding fireworks were 
stored and processed. This is known as ‘the fireworks disaster in Enschede’. The fireworks 
were stored in containers and other warehouses. The company was located in a residential 
area. 
 
A fire in one of the containers initiated the explosion of several storages including a major 
bunker with tons of fireworks. The explosion wiped out the whole neighborhood and adjacent 
neighborhoods. There were 23 fatalities, including four firefighters, 950 people were injured 
and more than 200 houses in the surroundings were destroyed. The emotional damage was 
enormous and the damage amounted to several billion Euros1. 
 
The actual cause of the explosion is unknown to this day, but such a disaster with fireworks 
must be avoided in the future by the installation of appropriate national safety measures. 
Also, almost ten years before the Enschede fireworks disaster took place there had been 
another serious accident with a fireworks factory in The Netherlands. Perhaps less well 
known, but also determining the tightening of the fireworks regulations is the fireworks 
accident of February 14, 1991 in the MS Fireworks factory near Culemborg. Two employees 
of the fireworks factory were killed. The material damage was enormous in the wider area of 
the fireworks factory. Pieces of concrete (10 to 20 kg) and steel profile (4 meters) were found 
up to a distance of 650 meters from the fireworks factory1. 
 
After the fireworks disaster in Enschede it showed that there was no public support to ban the 
use of fireworks. The Government was convinced that strict requirements should be made to 
the storage and use of fireworks. Fireworks are made for fun and should remain so, as long as 
it does not lead to (unacceptable) risk to the environment and people. In other words, the 
storage and use or the firing of fireworks shall not cause danger to visitors of fireworks 
events and for people who live in the vicinity of fireworks storages sites. 
 
In this paper the actions that were initiated from The Netherlands as a result from the 
Enschede fireworks disaster are discussed. We discuss the two accidents that were the cause 
for these actions. After that we will focus on the development of the Fireworks Act, the 
research projects CHAF (‘Quantification and control of the hazards associated with the 
transport and bulk storage of fireworks’) and the follow-up of that project, the Dutch 
evaluation of the Fireworks Act and the changes in the Fireworks Act as a result of the 
implementation of the European Pyrotechnic Directive, the initiation of the so-called ‘Default 
List’, and the efforts in standardization work. Finally we will conclude with some figures 
from the last New Year’s Eve celebrations and the recommendations we have for the future. 
 
 

HOW IT ALL BEGAN: TWO MAJOR INCIDENTS IN THE NETHERLANDS IN 
ONE DECADE 

 
Around noon on February 14, 1991 an explosion occurred in the MS Fireworks factory near 
Culemborg, followed shortly afterwards with a much larger explosion. The explosion 
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occurred in building C which consisted of three storage buildings and two processing 
building which contained fireworks classified as Hazard Division (HD) 1.3 but also black 
powder that is classified as HD 1.1. The two explosions left a 2-m deep crater, 5 m wide and 
10 m long. Two employees of the fireworks factory were killed and the owner was badly 
injured. Several people in the neighborhood were injured due to pieces of concrete (10 to 20 
kg) and steel profile (4 meters) that were found up to a distance of 650 m from the fireworks 
factory. Buildings were seriously damaged up to a distance of 900 m from the factory2. 
 
After the incident in Culemborg a thorough investigation by the Dutch Government reveals 
that the combination of a few kilograms of black powder with fireworks of HD 1.3 probably 
caused a mass explosion that had a strength of 2,000 – 8,500 kg TNT3. 
 
Almost 10 years later, on May 13th 2000, a similar accident occurred in Enschede. However, 
this time the fireworks were stored in a densely populated area. At S.E. Fireworks the storage 
was in a mixture of MAVO-boxes (i.e. prefabricated concrete storage units), ISO containers 
and a building with bunkers. On the 13th of May smoke was detected at the inner court of the 
site. Also the firing sound of fireworks was heard. The fire brigade was present at 15:08 and 
they extinguished the fire in one of the workshops inside the bunker. At 15:16 the command 
‘fire under control’ sounded. However, at 15:18 a whistling sound of fireworks was heard 
from one of the adjoining bunkers. Shortly after that also a fire was detected at that location. 
Firefighting started again, but at 15:33 it went wrong. Fireworks appeared from the bunker 
and several fire spots appeared. One minute after that, heavy combustion occurred of the 
contents of one of the ISO-containers, seconds later followed by a large explosion in which 
all the MAVO-boxes were destroyed. After this large explosion the fire spread further and a 
minute later the major explosion of the bunker complex occured3,4. 
 
The explosion resulted in the deaths of 23 people and injuries to 950, and generated a disaster 
area of approximately 2 square kilometers. More than 600 houses, 40 shops and 60 small-
scale businesses were demolished. Because of the tremendous force of the explosion debris 
were thrown out in the surroundings. At a distance of about 580 m from the crash site a 
cyclist was fatally struck by a piece of debris according to the investigation report of the 
Commission Oosting4. The emotional damage was enormous and the damage amounted to 
several billion Euros. Until now, no evidence is found of a cause of the first fire that resulted 
in the major explosion. It was estimated that around 200,000 kg of fireworks were stored 
here, compared to the licensed 158,000 kg for the site. An additional factor that was 
identified was the misclassification of the fireworks5,6. Many boxes that were labelled as HD 
1.4G actually contained HD 1.3G fireworks. 
 
The actual cause of the explosion is still unknown to this day. However it was realized that 
appropriate national safety measures were needed to avoid such accidents with fireworks in 
the future. 
 
 

THE DUTCH FIREWORKS ACT, LMIP & FLYING BRIGADE 
 
After the fireworks disaster in Enschede research showed that there was no public support to 
ban the use of fireworks. Therefore the government took the view that strict requirements 
should be made to the storage and use of fireworks. Fireworks are made for fun and should 
remain so, as long as it does not lead to (unacceptable) risk to the environment and people. In 
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other words, the storage and use or the firing of fireworks may not cause danger to visitors of 
fireworks events and for people who lives in the vicinity of fireworks storage sites1. 
 
Despite the commonly used risk-based approach (probability times hazardous consequences) 
in The Netherlands, this view of the Dutch Government takes only into account the effects of 
the fireworks for the storage and lighting of fireworks. The probability that these effects may 
occur is disregarded. Therefore, in The Netherlands we use for fireworks, just as for the 
ammunition sites of the Ministry of Defense, an effects-based approach. In this effects-based 
approach we accept as a residual effect only that people cannot be deadly injured. The 
accepted residual effect corresponds to a mortality risk of 1%. This effects-based approach is 
the common thread in the tightened regulations that was developed after the Enschede 
fireworks disaster. 
 
The Fireworks Act7 
This regulation, known as the Fireworks Act, entered into force on 1 March 2002. The 
Fireworks Act regulates the entire chain of import, export, transport, storage, use, trade, 
processing, manufacturing, assembling and lighting of fireworks and other pyrotechnic 
articles for theatrical use. The Fireworks Act not only relates to handling with fireworks, but 
also makes architectural and technical requirements for establishments where the fireworks 
are stored or processed. The Fireworks Act gives safety distances for fireworks companies. 
These safety distances have to be used in setting of zoning and in granting of environmental 
permits for these companies. 
 
The Fireworks Act regulates all types of fireworks that fall under the regime of the 
international transport classification of ADR (‘Accord européen relative au transport 
international des merchandises Dangereuses par Route’, European Agreement on the 
international carriage of dangerous goods by road)8 and distinguishes consumer fireworks, 
jokes and tricks fireworks, professional fireworks and pyrotechnic articles for theatrical use. 
The packaged consumer fireworks, the jokes and tricks fireworks and pyrotechnic articles for 
theatrical use that are allowed in The Netherlands belong to the ADR classes 1.4G or 1.4S. 
The professional fireworks can basically fall under the ADR classes 1.1G, 1.2G, 1.3G, 1.4G 
and 1.4S. The Fireworks Act has been harmonized with the European Pyrotechnic Directive9. 
After the last revision of the Fireworks Act the classification in the Fireworks Act is based on 
the categorization of the European Pyrotechnic Directive. 
 
The Fireworks Act gives different organizational and (construction) technical (safety) 
requirements for the storage of fireworks. Further, a distinction is made in fireworks storage 
site where only consumer fireworks (together with theater fireworks) may be stored and 
fireworks storage site where professional fireworks (together with pyrotechnic articles and 
consumer fireworks) may be stored. This distinction is based on the hazard properties of the 
stored fireworks. 
 
In fireworks storage sites where only consumer fireworks are stored the major potential 
hazard is fire. The main consequences of this scenario with consumer fireworks are heat 
radiation. The safety distances for establishments with consumer fireworks are based on this 
criterion of heat radiation. In fireworks storage sites where professional fireworks are stored 
the major potential hazard is mass explosion. The main consequences are blast and ejecting 
of fragments and debris. For this the remaining effects are based on the Allied Ammunition 
Storage and Transport Publication AASTP-110 Guideline of the NATO (North Atlantic 
Treaty Organization). The safety distances are based on the largest distance which is obtained 
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on the basis of blast and fragments or debris in which the probability of death is less than 1%. 
The safety distance determined in this way should be maintained for the storage sites to 
protect objects outside the fireworks siting, such as private residences and public buildings. 
 
Depending on the kind of fireworks and the amount of fireworks stored, the Fireworks Act 
gives internal safety distances as well as safety distances to objects outside the fireworks 
storage site (third party risk). These safety distances as well as construction and specific 
safety measures on the salesroom for instance, were extensively described by Mahesh and 
Timmers1. 
 
Since 2002 the Fireworks Act was amended several times and was last revised in 2012 and 
brought in line with the European Pyrotechnic Directive. In the recent revision, also the 
results are processed following an evaluation of the Fireworks Act in 2007/2008. 
 
The regulation RACT11 (Regeling Aanwijzing Consumenten- en Theatervuurwerk: 
Regulation Designation Consumer fireworks and Theater fireworks) is attached to the 
Fireworks Act. RACT gives further requirements for the fireworks. RACT regulates which 
fireworks must be regarded as consumer fireworks, as jokes and tricks fireworks and as 
theater fireworks. According to RACT the Dutch consumer fireworks are Category 1 (these 
include the jokes and tricks fireworks, for example Bengal flames, flash pallets, party poppers 
and snaps), large parts of Category 2 (bangers, shot tube batteries, fountains, rockets, Roman 
candles) and a limited number of parts of Category 3 (some types of shot tubes). The jokes 
and tricks fireworks are, according to RACT, large parts of Category 1 and a limited number 
of parts of Category 2 (for example, some types of Bengal sticks and sparklers). The jokes 
and tricks fireworks are also consumer fireworks which are in principle safe enough and 
suitable for use by the general public. RACT is based on the European Pyrotechnic Directive 
but for some articles RACT is stricter in the amount of pyrotechnic mixture (SAS) it may 
contain per article. All other fireworks that are not mentioned in the RACT are called ‘illegal’ 
according to Dutch law. Professional fireworks of Category 4 and also parts from the 
fireworks of Categories 2 and 3 are not designated in the RACT as consumer fireworks. 
According to the Fireworks Act these professional fireworks may only be handled and used 
by people who are licensed and are educated for dealing with these types of fireworks. 
 
LMIP and Flying Fireworks Squad12 

Together with the Fireworks Act, at the same time the National Report and Information Point 
for Fireworks (Landelijk Meld- en Informatiepunt Vuurwerk, LMIP) was erected. It is laid 
down by law that at this online information point all activities with fireworks should be 
reported. The inspection forces were extended with a so-called ‘Flying Fireworks squad’ to 
make their task easier. It is the task of the Flying Fireworks Squad to plan unannounced 
inspections or to intervene when offences of the law were discovered. The Fireworks Squad 
intervenes when for instance fireworks illegal for the Dutch market are found. Since 2005 
they started with an “Integral intervention strategy at forbidden consumer fireworks”. They 
also support in guarding the quality level of the fireworks articles in The Netherlands by 
consulting the industry. In 2002 the Flying Fireworks Squad was planned for 2 years, but 
they still remain. 
 
Safety distances for displays and lightning of fireworks 
As a result of the fireworks disaster in Enschede and the development of the Fireworks Act 
also the policy about safety distances and regulations during organized lightning of fireworks 
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and displays at events was tightened. This was described in the ‘Regulation for commercial 
lightning of fireworks’ (Regeling bedrijfsmatig tot ontbranding brengen van vuurwerk)13.  
 
The regulation describes a set of rules that is needed to assure the safety during a display: 
 

- It sets the boundaries for the area in which the display is set up. The area must have a 
free distance in all directions from the firing spot of minimum 10 m when only 
consumer fireworks is used and minimum 25 m when professional fireworks is used; 

- It describes the requirements for the people who light the fireworks. The lighter must 
be well educated which can be proofed by a certificate of competence. At least one of 
the lighters speaks Dutch and the lighter must have a clear view on the fireworks, the 
lightning spot and the safety area. He is provided with suitable communication means. 
And he must be able to show the permit for the display. 

- It describes the safety distances between the lightning spot and the spectators. 
- It is prohibited to light the fireworks when it is extremely dry, at a wind speed of 9 

m/s or more, when the view is less than 200 m due to fog or smoke or in a 
thunderstorm. 

 
With respect to the safety distances a distinction is made between consumer fireworks and 
professional fireworks. Safety distances for consumer fireworks are given in Table 1. For 
professional fireworks the safety distances are given in Table 213. 
 

Table 1 – The safety distances for displays (events) with consumer fireworks 
Kind of article Safety distance (m) 

Ground display 15 
Air display caliber up to 1 inch 40* 
Air display caliber 1 to 2 inch 60* 

* When air display is fired under an angle in the direction of the spectators the safety 
distances should be multiplied by a factor 1.5. 

 
Table 2 – The safety distances for displays with professional fireworks 

Kind of article Safety distance (m) 
Arrows (shooting direction angle away from spectators) 125 
Arrows (other shooting directions) 200 
Text signs 15 
Ground display 30 
Roman candles caliber up to 2 inch 75 
Mines caliber up to 4 inch 60 
Mines caliber 4 to 6 inch 100 
Mortar Bombs smaller than 8 inch diameter 75 

 
When Roman Candles with a caliber of more than 2 inch, cake boxes or fireworks bombs are 
fired, other safety distances are used. These are given in Table 3. 
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Table 3 – The safety distances for displays with Roman Candles caliber more than 2 inch, 
cakeboxes or Fireworks bombs 

Caliber Safety distance 
Inch mm m 
< 3 < 76.2 120 
> 3 > 76.2 165 
> 4 > 101.6 200 
> 5 > 127 230 
> 6 > 152.4 265 
> 8 > 203.2 325 
> 10 > 254 390 
> 12 > 304.8 455 
> 18 > 457.2 645 
> 24 > 609.6 845 

 
Further several general requirements are mentioned in the regulations regarding fire 
extinguishing devices that should be present, rules with regard to cleaning the area, what to 
do when something unforeseen happens, safety distance during transport of a fireworks 
pontoon on water, etc. 
 
 

RESEARCH AND INTERNATIONAL DEVELOPMENTS 
 
A direct spin-off from the firework disaster in Enschede was the EU-funded project entitled 
‘Quantification and control of the hazards associated with the transport and bulk storage of 
fireworks’ (CHAF). This investigation was followed by a research project that was funded by 
the Dutch Government and was conducted by TNO to investigate the behavior of ‘waterfalls’. 
 
The CHAF-project 
The CHAF-project was an international collaborative research program that provided a cost 
effective method of increasing knowledge in this area. It was a collaboration among the 
Bundesanstalt für Materialforschung und -prüfung (BAM) from Germany, the Health and 
Safety Laboratory (HSL) from the UK and the Prins Maurits Laboratory (TNO) from The 
Netherlands2. The purpose of this project was to investigate the behavior of large quantities 
of fireworks during transport and storage. More specific it was investigated if the behavior of 
a container filled with fireworks submitted to a fire-hazard match the results of classification 
tests that were performed with small quantities of fireworks according to the Manual of Tests 
and Criteria of the United Nations.   
  
The CHAF-project was set up with an extensive set of work packages in order to investigate 
the behavior of fireworks. The following work-packages were defined: 
 

1. Coordination of the project; 
2. Critical review of results halfway the project; 
3. Transfer of information; 
4. Literature review of fireworks; 
5. Setting up the equipment and instrumentation that is needed; 
6. UN series 6 tests on selection of fireworks articles; 
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7. A series of small-scale tests in a 1- and 2-dimensional array in order to learn the 
dominant parameters for reaction propagation pressure build-up; 

8. Investigation of transport packages of fireworks in a pressure vessel of volume 1 m3; 
9. Large scale trials in ISO containers filled with packaged fireworks; 
10. Provide recommendations on test methods that could better identify fireworks 

 
In short, the main conclusions following the CHAF-project were that, of the five types of 
fireworks submitted to the full scale test, four gave effects as was expected based on hazard 
classification tests of the UN Manual of Tests and Criteria. One type of fireworks, known as 
‘waterfalls’, showed behavior corresponding to its classification as 1.3G in a partially filled 
container. However, in a full container of ‘waterfalls’ after burning for approximately 3 
seconds a mass explosion occurred. Within the CHAF-program the reasons for this behavior 
was not further investigated2. 
 
Follow up: “Behaviour of fireworks in large quantities” 
The results of the CHAF-project left us with uncertainties about the behavior of 
‘professional’ fireworks during transport and storage. This was the reason for the Dutch 
Ministry of Infrastructure and the Environment to issue a research program to investigate this 
behavior. The research was done by the Prins Maurits Laboratory (TNO)14,15. 
 
The main conclusions from this project are: 
 

- The deviant behavior of ‘waterfalls’ turns out to be no scaling-effect. This means that 
small-scale tests can be representative for the behavior on a large scale. 

- The used small-scale tests are, in some cases (e.g. waterfalls), not sufficient to predict 
the behavior on a large scale. 

- The composition of waterfalls is barely sensitive to electrostatic discharge (ESD), 
reasonably impact-sensitive, sensitive for friction and deflagration to detonation 
transition (DDT) and very sensitive for shock. 

- The most probable cause for the mass-explosion behavior of waterfalls is that a DDT 
occurs. From the tests it can be concluded that a small self-confinement already 
triggers a DDT.  

 
The following recommendations followed from this research: 
 

1. A solution might be to make the HSL Flash Composition Test compulsory for certain 
types of fireworks. 

2. As ‘waterfalls’ are a special kind of ‘Fountains’, adjust the default-list for ‘Fountains’ 
as to classify them as 1.1G when the composition can be classified as flash powder. 

 
 

DUTCH CASUALTIES REPORT 2014 
 
The Dutch government puts a lot of effort in decreasing the number of injuries as a result of 
fireworks displays and the annual celebrations. In order to monitor the results of this effort, in 
The Netherlands all casualties are reported in the Casualties Information System (Letsel 
Informatie Systeem, LIS) of VeiligheidNL. From this information system all casualties due to 
fireworks during New Year’s evening can be extracted. Table 4 gives us an overview of the 
casualties per year during the last years. 
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Table 4 – Casualties due to firework accidents during annual change per year 
Year Number of casualties 

2014/2015 574 
2013/2014 700 
2012/2013 810 
2011/2012 670 
2010/2011 710 
2009/2010 770 

 
In LIS no information is reported about the kind of fireworks that caused the casualty. 
Therefore, last year, VeiligheidNL did additional research amongst the victims of fireworks-
incidents16. Table 5 shows the kinds of fireworks that were causing injury. For about 20% of 
the incidents the cause is unknown. 
 

Table 5 – Type of fireworks causing injury 
Type of fireworks % casualties of total 

Flash banger 25 
(mini) Rockets 16 
Fountain/cakebox/shot tube 15 
Banger 13 
Roman candle 3 
Ground spinner 3 
Hand held sparklers 3 
Banger batteries 2 
Unknown 20 

 
It turns out that at least 25% of the casualties were caused by fireworks that are ‘illegal’ 
based on Dutch regulations (i.e. doesn’t comply with RACT) like flash bangers. About 16% 
of the casualties were caused by rockets. It shows that amputation of body parts is mainly 
caused by illegal flash bangers. Eye injury is mainly caused by (mini) rockets. Especially for 
rockets and flash bangers a large part of the victims were from the spectators instead of the 
people who are firing the fireworks. Figure 1 shows the percentage of victims due to legal 
and illegal fireworks (based on Dutch regulations) per age category.   
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Figure 1 – Percentage victims due to legal or illegal fireworks per age-category 

 
From the report of VeiligheidNL16 it can be concluded that about 25% of the injuries caused 
by consumer fireworks on New Year’s Eve are eye-injuries. From these eye-injuries about 
25% are caused by (mini) rockets. In The Netherlands several measures are taken to further 
decrease the number of injuries: 
 

- This year a ban on mini rockets and Roman candlesa was issued. 
- Coming years a further ban on fireworks which causes major injuries, mostly cheap 

fireworks which are used improperly (thrown and shot at each other). 
- An instruction campaign for consumers about the risks of fireworks is launched (e.g. 

use fireworks according to instructions, don’t use illegal fireworks, take protective 
measures (safety glass). 

- Improving the label instructions of the fireworks articles. 
- Continue to study firework injuries. 

 
 

LATEST DEVELOPMENTS AND WISHES 
 
As a result of the additional research done in The Netherlands, the Dutch experts proposed 
changes to the classification of fountains and to the UN Default table with regard to 1.1G 
classification of fountains17. The proposal is accepted by the Sub-Committee of Experts on 
the Transport of Dangerous Goods in that sense that there it made a differentiation for 
‘waterfalls’ in particular18. Normal fountains may be classified as 1.3G or 1.4G. Waterfalls 
containing a pyrotechnic substance which gives a positive result when tested in the HSL 
Flash Composition test shall be classified as 1.1G. Waterfalls containing a pyrotechnic 
substance which gives a negative result when tested in the HSL Flash Composition test can 
be classified as 1.3G. 
 

                                                             
a It turns out that certain kinds of cheap and relatively harmless fireworks articles often are used improperly 
(thrown between the spectators or shot at each other). Besides injuries (mainly eye-injury) this also causes a lot 
of turmoil and agitation within the spectators. For that reason the Dutch government made a policy-decision to 
ban these articles.  
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Especially the reduction of casualties due to fireworks during the annual change has a high 
priority in The Netherlands. That is why The Netherlands keeps asking for attention on the 
certification of certain kinds of fireworks. The benefits of the European Pyrotechnic Directive 
are that we can find more information on the label of the article which is approved (CE-
labelled). We can also expect that the quality of that article meets the requirements of the 
standards during the type-tests and batch tests. But still some problems remain. According to 
Article 6 (Free Movement) of the European Pyrotechnic Directive, The Netherlands made 
additional requirements with respect to the sale to the general public. A lot of casualties as a 
result of fireworks apply to spectators instead of owners of the fireworks. Therefore, in The 
Netherlands, stronger standards are set for the pyrotechnical contents for different types of 
fireworks. For instance: 
 

- Bangers (category 2) may contain max. 2.5 g black powder; 
- Flash bangers (with perchlorate/metal-based) are prohibited; 
- Batteries (category 3) may contain max. 500 g explosive content; 
- Flash bangers used in batteries are prohibited; 
- Fountains may contain max. 100 g;  
- Rockets may contain max 40 g. 

 
This means that, although a fireworks item has a CE-label, it is not always obvious that the 
fireworks item will apply with the Dutch regulations. Therefore, The Netherlands still expects 
an illegal market among several European member states. Especially for fireworks articles 
that are approved in the EU but that are not allowed in The Netherlands. Therefore, we 
recommend discussing solutions for this problem on an international level. We have made 
great progress in the safety of fireworks but together we can make it even safer. 
 
 

CONCLUSIONS 
 

During the last 15 years a lot of effort has been put into several parts of the safety chain with 
respect to fireworks, nationally as well as internationally. With respect to regulations (Dutch 
Fireworks Act, European Pyrotechnic Directive) as well as in research (CHAF-project, 
behavior of fireworks) big steps have been made. Still, The Netherlands is looking for ways 
to reduce the number of casualties as a result of fireworks. In order to achieve this we feel a 
strong dependency on the international agenda and international partners. Therefore, 
cooperation with European partners is needed.  
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ABSTRACT 
 
The EU funded project “Quantification and control of the hazards associated with the 
transport and bulk storage of fireworks” (CHAF) investigated the behaviour of different types 
of firework when ignited in small, medium and large-scale tests. One of the conclusions was 
that the current UN classification scheme for the transport of such articles was fit for purpose. 
However, one firework type (waterfalls) produced a mass explosion effect when large 
numbers of transport packs of the articles were packed into an ISO-container. This was 
unexpected since standard UN series 6 tests had not predicted this behaviour. 
 
A large amount of data was generated from the CHAF large-scale waterfall trial but analysis 
of it using accepted explosives modelling techniques has been unable to explain some of the 
effects observed such as, erratic temporal responses of thermocouple and pressure 
transducers, the long delay from initial ignition to transition to mass explosion, and the 
continued progression of the transition to mass explosion despite the doors of the ISO-
container opening causing a large vent aperture. 
 
At the 14th International Symposium on Fireworks a paper that re-analysed the existing 
CHAF data from a fluid dynamics viewpoint was presented, which appeared to explain many 
of the anomalies observed during the CHAF large scale tests. Testing has now been 
performed which further informs research in this area and highlights potential for under-
estimating the hazard when classifying some fireworks using standard UN testing protocols. 
This paper aims to summarise the progress in understanding the mechanisms involved in the 
progression to mass explosion for this type of waterfall article and discusses the potential for 
improving the classification of fireworks in the future. 
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INTRODUCTION 
 
A number of incidents involving the storage of fireworks in transport containers constructed 
to International Standards Organisation specifications (ISO-containers) has occurred over the 
last 25 years1-7, some causing fatalities or injuries, others only damaging property. The most 
notable of these incidents occurred on 13 May 2000 at Enschede in The Netherlands when 23 
people, including four firefighters, were killed and hundreds more injured3,4. Calculation 
estimated that the explosion was equivalent to 4-5 tonnes of trinitrotoluene (TNT). 
 
Primarily as a result of the Enschede incident, a collaborative EU sponsored research 
programme, “The quantification and control of the hazards associated with the transport and 
bulk storage of fireworks”, (CHAF), was developed to assess whether the existing UN 
scheme used to classify dangerous goods for transport was appropriate for fireworks and to 
investigate the mechanisms by which escalation from deflagration to mass explosion could 
occur in large stores of fireworks. 
 
The findings from the research were presented at the 9th International Symposium on 
Fireworks (ISF) in Berlin in 20068-16 and concluded that the current classification scheme for 
the transport of such articles was fit for purpose. However, one particular type of article 
(waterfalls) was identified as anomalous because it produced an unexpectedly violent 
explosion when tested at large-scale. The behaviour observed was consistent with a transport 
classification of Hazard Division 1.1 (HD 1.1) whereas all UN series 6 tests had indicated 
behaviour consistent with a transport classification of HD 1.3. In contrast to the results 
obtained from the UN series 6 tests on waterfalls, experiments using a single transport pack 
in a sealed steel vessel12 produced a rapid escalation to a violent explosion, which supported 
the behaviour observed in the large-scale test.  
 
Attempts to explain the mechanisms leading to the violent explosions observed in the CHAF 
large-scale trials using existing blast models were unsuccessful. As a result, the Health and 
Safety Executive (HSE) in the UK commissioned the Health and Safety Laboratory (HSL) to 
re-examine data from the CHAF programme to try to identify a propagation mechanism to 
explain explosive propagation through stocks of fireworks in ISO-containers, the work was 
reported at the 14th International Symposium on Fireworks17. That paper proposed that the 
violent behaviour observed in large-scale storage of some types of firework when exposed to 
external fire was due to the movement of hot gases and flame through interstices between 
transport packs of fireworks. In addition, it was proposed that the pressures generated in the 
ISO-containers were sufficient to force the hot gases/flames into the transport packs via weak 
areas of the packs (e.g. taped flaps), thereby igniting the contents. It was argued that since gas 
flow was related to the size of the interstices between transport packs the progression of the 
propagation would not be sequential through adjacent boxes but could manifest as ignitions 
in apparently unrelated locations within the container. This proposal agreed closely with the 
experimental evidence observed in the CHAF large-scale tests14,15. It was also argued that the 
speed of transmission through the interstices and into the transport packs could be sufficiently 
fast to allow a sufficiently large proportion of the contents of the ISO-container to ignite 
almost simultaneously, leading to effects consistent with mass explosion and in some 
instances a Deflagration to Detonation Transition (DDT). 
 
While the proposed mechanism appeared to explain most of the experimental observations 
from the CHAF large-scale tests, there were concerns that in the case of waterfalls, it did not 
explain why standard UN series 6(b) tests did not predict the violent behaviour observed in 
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large-scale. Those tests used three transport packs of waterfalls and even when 27 packs were 
used no mass explosion effects were observed even though the test requires the packs to be 
buried under 1 m of sand/soil, which was considered to provide sufficient confinement. It 
was suggested that while the test provided sufficient confinement for High Explosives (HE), 
which is what the test was originally designed for, this may not be the case for some 
fireworks where the reaction rate is orders of magnitude slower. In that instance it was 
proposed that the porosity of the sand/soil may allow the gases generated by the ignition to 
dissipate rather than enter the adjacent packages. In order to investigate this, a test 
programme was compiled in order to monitor gas and temperature flow within and between 
transport packs and through the sand/soil used to bury them. 
 
This paper summarises the experiments performed, comments on the results in relation to the 
mechanism developed in the previous report17 and considers the ramifications for 
classification testing of fireworks under the UN series 6 test regime18. 
 
 

METHODOLOGY 
 
Waterfalls 
Tests were performed on transport packs of the same batch of waterfalls that were used in the 
CHAF large-scale trials. Each waterfall consisted of 10 card tubes, each containing 97.5 g of 
a metal/oxidiser mixture, linked together by rope and instantaneous fuse. Individual waterfall 
assemblies were contained in plastic bags and 10 bagged items placed in a cardboard inner 
package (Figure 1). Two inner packages were placed in each transport pack giving a total Net 
Explosive Content (NEC) of 19.5 kg. The waterfalls were arranged in the inner boxes so that 
all the fuse ends of the articles in one inner boxed faced those in the second. This was 
considered to provide the highest likelihood of ignition of the contents and was consistent 
with the packaging arrangements used by the manufacturer. 
 

 
Figure 1 - Transport pack showing waterfalls in plastic bags inside inner boxes 

 
Test set-up 
The set-up of most tests was based on the requirements of the UN series 6(b) test18, i.e. 
placement of the sample on a 3-mm thick steel witness plate and burial  under at least 1 m of 
sand/soil in all directions. However, the number and volume of the packages under test 
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deviated from the standard method. In addition, one test was performed using samples buried 
to only 0.5 m. 
Due to the geology of the HSL site, burial of the samples was not possible and instead the 
samples were surrounded with sand that was retained using wooden shuttering. Kiln-dried 
sand to specification HST65 was used in all tests to ensure a consistent porosity. 
 
In order to investigate the effect of the porosity of the sand on the transmission of gas, tests 
were performed using transport packs that had been sealed in low density polythene sheet 
(0.125 mm thick) wrapped tightly around the transport packs and sealed with duct tape 
(Figure 2). The tests were then repeated without the presence of the plastic seal. Where 
multipack tests were performed using the plastic seal the process was the same as for single 
pack tests but the plastic enveloped both packs, i.e. there was no plastic film between each 
pack. 
 

 
Figure 2 - Plastic wrap around waterfall transport pack 

 
In single pack tests a single waterfall approximately in the centre of one of the inner packs 
was fused and once instrumentation had been fitted, the flaps of the transport pack were 
sealed with tape and a small cut made at one end of the tape to provide a vent, to simulate a 
poorly sealed transport pack. Having a known weak spot in the package allowed the 
instrumentation to be positioned to allow a higher probability of measuring useful data in the 
surrounding sand. 
 
For multipack tests the majority of the set-up was the same as for the single pack tests. 
However, one pack was designated as the ‘donor’, the other as the ‘acceptor’. These were 
arranged so that the long sides of the packs were butted up to each other with a 10-mm thick 
plywood barrier placed between them to prevent blow through from the donor to the acceptor 
via the side wall of the packs (Figure 3). Tests were fused as described for single pack tests 
but only in the donor pack. Vents were cut at the same end of the sealing tape of both 
transport packs to simulate poorly sealed packaging. 
 
For tests where an inert acceptor pack was used, instrumentation was the same as for a pack 
containing waterfalls. Inert acceptor packs used wooden dowels of approximately the same 
size as the individual waterfall tubes and lengths of rope were added to account for the 
volume of the instantaneous fuse and rope used in the waterfalls. 
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Figure 3 - Two transport packs separated with plywood sheet and sealed in plastic 

 
Instrumentation 
All tests were recorded using normal and high speed video. Pressure transducers were 50 psi 
or 500 psi sensors with a resonant frequency of 500 kHz sampled at 1000 Hz. These were 
mounted in metal tubes inside the inner packs of waterfalls to attempt to protect the sensors 
from thermal radiation. They were further protected by using a thin layer of grease loaded 
with black photocopier toner. 
 
Type-K thermocouples (0.25 mm diameter) were used that had a temperature range of 0-
1100°C, a response time of 0.05 s and were sampled at 100 Hz. A sensor was placed 
approximately centrally in each inner box before the transport pack was sealed with duct 
tape. A further 3 thermocouples of the same specification were positioned outside the 
transport pack; one at the vent made in the transport pack. The other 2 sensors were 
positioned in the sand at a distance of 150 mm from the vent, one vertically the other 
horizontally.  Sensor positions and designations are shown in Figure 4. 
 
Multipack tests, where two transport packs were used, duplicated the instrumentation in each 
transport pack as shown in Figure 5.  

 
Figure 4 - Position of instrumentation for single pack tests 
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Figure 5 - Position of instrumentation for multipack tests 

 
Test programme 
In total, a series of 6 tests were performed (Table 1) that varied parameters such as burial 
depth, number of transport packs and whether the packs were sealed in plastic. The data from 
Tests 2 to 5, which were fully instrumented, was used to inform the test set up for Tests 1 and 
6. Test 1 had no instrumentation and Test 6 only had thermocouples fitted. For presentational 
purposes the tests have been arranged in Table 1 in a logical order from least confinement 
and smallest (NEC) to highest confinement and largest NEC. 
 

Table 1 - Test programme 
 Single pack 

tests 
Multipack 
tests 

Test No. 1 2 3 4 5 6 
Depth of burial (m) 0.5 1 1 1 1 1 
No. of live packs 1 1 1 1 1 2 
No. inert packs 0 0 0 1 1 0 
Sealed in plastic (Y/N) Y N Y N Y Y 

 
Data analysis 
Video recordings of the tests were examined to establish an approximate duration from firing 
the test until the sand started to move, termed ‘sand breakthrough’. The time from firing to 
production of the main fireball pick-up or mass explosion effects was also measured. Figure 6 
shows examples of these. 
 
Pressure and temperature was recorded from shortly before a test was fired until all effects 
had subsided. This produced large amounts of data, which was cropped based on the time 
from firing to production of the main fireball pick-up or mass explosion effects.    
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Figure 6 - Examples of sand breakthrough, main pick-up and mass explosion effects 

 
RESULTS 

Pressure traces were severely degraded due to large deviations in the baseline, which made 
interpretation difficult or impossible. In the following section the pressure traces are 
reproduced with the thermal data but no inference is made from them.   
 
The criteria for the identification of a mass explosion are given in the UN Manual of Tests 
and Criteria as any of the following: 

 A crater at the test site, 
 damage to the witness plate beneath the package, 
 measurement of a blast, 
 disruption and scattering of the confining material. 

 
In these tests, blast measurements were not taken and the tests were performed above ground. 
As a consequence neither the blast nor crater criteria could be used. Damage to witness plates 
(albeit in both instances where energetic events occurred, this only amounted to slight 
bending) and the disruption and scattering of the confining material were taken as evidence 
that a mass explosion had taken place. 
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Test 1 (1 pack in plastic buried to 0.5 m) 
No instrumentation was fitted inside the transport pack for this test. Video recordings showed 
that breakthrough of the sand occurred approximately 1 s after the test was fired and that 
main pick-up occurred 1 s after that. The test did not exhibit mass explosion effects. 
 
Test 2 (1 pack buried to 1 m) 
Video recordings of the test suggested that ignition occurred approximately 2 s before sand 
breakthrough and that main pick-up occurred 1 s after this. Waterfalls burned steadily, no 
mass explosion effects were observed. 
 
Comparing thermocouples TC1 and TC3 (Figure 7) shows that after an initial rise the heating 
rate stagnates before rising again 2-3 s later. It is believed that this profile is a result of the 
temperature rising in the transport pack until sand breakthrough occurs. This slows 
movement of hot gases and the temperature stagnates until the sand falls back and provides a 
secondary confinement. It is suggested that the second rise occurs at the same time as main 
pick-up. 

 
Figure 7 - Pressure and temperature traces from sensors in Test 2 

(1 pack buried under 1 m of sand) 
 
Test 3 (1 pack in plastic buried to 1 metre) 
The test exploded violently almost immediately after it was fired producing mass explosion 
effects.  There was no evidence of sand breakthrough or main fireball pick-up prior to the 
explosion. 
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Figure 8 - Pressure and temperature traces from sensors in Test 3 

(1 pack sealed in plastic and buried under 1 m of sand) 
 
The thermocouple in the same inner box as the igniter used to fire the test showed an initial 
temperature rise at 15.05 s and continued to show a steady temperature rise to 250°C at 
15.22 s at which point all the other thermocouples showed an instantaneous temperature rise 
(>500°C), which has been interpreted as the point at which the main explosion occurred. 
 
Test 4 (1 live pack and 1 inert pack buried to 1 m) 
Fireball breakthrough occurred 3 s after the test was fired and main fireball pick-up followed 
1 s later. Waterfalls burned steadily and no mass explosion effects were observed. 
 
Thermal data (Figure 9) indicated that the thermocouple in the inner box of the donor pack 
that contained the igniter (TC1), exhibited a sharp temperature rise before any of the others 
(15.8 s) and was followed approximately 300 ms later by a sharp rise in TC3 and a moderate 
rise in T5 (136°C). TC5 was positioned at the vent on the donor pack and suggests that hot 
gases had started to flow out of the donor pack at the same time as rapid heating of the 
acceptor pack commenced. This tends to indicate a bridging of the plywood barrier between 
the donor and acceptor leading to the early rise in temperature of TC3 (this may more 
accurately represent what would happen in a real transport/storage situation). A period of 
3.3 s then elapsed before TC4, TC6, TC2 and TC5 exhibited large temperature rises in rapid 
succession (19.4 s, 19.8 s, 19.9 s and 20.2 s, respectively). This corresponds to the time that 
fireball pick-up was observed on the video recordings. Sensor TC9 shows a sharp rise at 
22.1 s. This is well after fireball pick-up and suggests that the thermal insulation of the sand 
may have shielded the sensor momentarily.  Figure 10 summarises the thermal sequence. 
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Figure 9 - Pressure and temperature traces from sensors in Test 4 

(1 live and 1 inert pack buried under 1 m of sand) 
 

 
Figure 10 - Movement of hot gases through inner packs and into sand (Test 4) 
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Test 5 (1 live pack and 1 inert pack in plastic buried to 1 m) 
Fireball breakthrough occurred 2 s after the test was fired and main fireball pick-up followed 
1 s later. Waterfalls burned steadily and no mass explosion effects were observed. 
 
Thermal data (Figure 11) indicated that the thermocouple in the inner box of the donor pack 
that contained the igniter (TC1), exhibited a sharp temperature rise before any of the others 
(16.7 s) and was followed approximately 240 ms later by a sharp rise in TC6 (to just over 
500°C) and a slight rise in TC5 (80°C); TC5 and TC6 were positioned at the vents to the 
donor and acceptor box respectively. Clearly the data indicates that hot gases are moving 
outside the transport packs at this time but it is not understood why the sensor on the acceptor 
box (TC6) should respond strongly while only a weak response was observed for the sensor 
on the donor box (TC5). In contrast to Test 4, sensor TC3 does not show a response until 
19.3 s whereas in Test 4 a temperature rise for this sensor was observed at the same time as 
the response from the sensor near the vent (TC5). The sharp rise in sensors TC6 and TC3 at 
18.8 seconds and 19.3 s are believed to be indicative of the main pick-up of the test. The 
relatively small maximum temperature rises for sensors TC2 (19.3 s), TC19 (18.9 s) and TC4 
(20.3 s) are believed to be well after fireball pick-up and suggests that the thermal insulation 
of the sand may have shielded the sensor momentarily. Figure 12 summarises the thermal 
sequence. 
 

 
Figure 11 - Pressure and temperature traces from sensors in Test 5 

(1 live and 1 inert pack wrapped in plastic and buried under 1 m of sand) 
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Figure 12 - Movement of hot gases through inner packs and into sand (Test 5) 

 
Test 6 (2 live packs in plastic buried to 1 m) 
The time that the test was fired was not evident from the video recordings but fireball main 
pick-up occurred 1 s after sand breakthrough. A large explosion similar to that in Test 3 
occurred 4 s after sand breakthrough. Waterfalls appeared to burn steadily on one side of the 
shuttering before mass explosion effects occurred on the other side of the shuttering. 
 
Figure 13 shows the thermal traces over the period 15.5-23.5 s and indicates that the 
thermocouple in the inner box of the donor pack that contained the igniter (TC1), exhibited a 
temperature rise before any of the others (29.9 s), attaining a temperature of 285°C by 30.5 s. 
Sensor TC5 showed a slight rise to 158°C at approximately the same time (30.5 s) before 
exceeding 500°C by 33.1 s. TC6 (the sensor over the vent of the acceptor box) also showed a 
temperature response at the same time as TC5 but to a lesser extent. Sensors TC1 and TC2 
showed a rapid temperature rise at 34.0 s, which is believed to be approximately the time that 
sand breakthrough occurred. Four seconds after these events (38.0 s) all sensors showed rapid 
temperature fluctuations, which are believed to indicate the violent explosion observed 
during the test. The time interval of 4 seconds between the rapid temperature rise of TC1 and 
TC2 and the other sensors at 38.0 s corresponds well with the observed delay between sand 
breakthrough and the mass explosion effects observed in the video record. The data suggests 
that when the donor box was ignited the waterfall functioned in a sequential manner causing 
sand breakthrough and main pick-up and that the acceptor box exploded en masse. This 
sequence correlates well with the video record. Figure 14 summarises the thermal sequence. 
 

 
Figure 13 - Temperature traces from sensors in Test 6 

(2 packs wrapped in plastic and buried under 1 m of sand) 
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Figure 14 - Movement of hot gases through inner packs and into sand (Test 6) 

 
 

DISCUSSION 
 
Gas movement as a vector for explosion propagation 
Thermal data suggests that for single transport packs that are not sealed in plastic, hot gases 
fill the inner box that was originally fired before flowing along the underside of the top of the 
transport pack and exiting via the vent into the surrounding sand. This process occurred over 
several seconds. Where a plastic seal was used, only the thermocouple in the inner box that 
was fired (TC1) registered a temperature rise before a violent reaction occurred causing rapid 
temperature rises on all sensors within a fraction of a second. The lack of response from 
sensors other than TC1 suggests that heat was not entering the second inner box before the 
mass explosion occurred. The response time of the thermocouples (0.05 s) should have been 
fast enough to record some thermal movement but it is possible that the sensors were shielded 
from hot gases by the waterfall tubes that surrounded them. 
 
The thermal data from Tests 4 and 5 is confusing since sensor TC3 in Test 4, which is in the 
inert acceptor box adjacent to TC1, shows a rapid temperature rise shortly after TC1 (0.3 s) 
whereas a period of 2.3 s elapses in Test 5. The data suggest that the plywood barrier in Test 
4 did not prevent ‘blow-through’ from the donor to the acceptor; this did not appear to occur 
in Test 5. As a result of these uncertainties any inference from the data obtained need to be 
treated with caution. However, both tests confirm that gases exit the donor pack via the vent 
before they enter the second inner pack. In practice, transport packs of fireworks in storage or 
transport do not have plywood barriers between them, suggesting that the more rapid 
transmission of heat observed in Test 4 is likely to be more representative of normal 
conditions. 
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Thermal data for Test 6 provides additional evidence for the progression of hot gas from the 
inner box containing the igniter (TC1) to the vent (TC5) before any hot gas is observed 
entering the second inner pack of the donor (TC2). It also indicates that sand breakthrough 
occurs before any appreciably hot gases enter the live acceptor pack. At the sand 
breakthrough stage the confinement of the sand and the seal afforded by the plastic sheet 
would have been compromised, however approximately 4 s later the acceptor pack explodes 
en masse without any of the sensors showing thermal effects. It is not clear why this occurs 
since other tests indicate that confinement and the plastic seal are required to produce mass 
explosion effects. It is postulated that the initial propagation within the donor pack is 
modified by the presence of the plastic seal before it is breached, leading to elevated burning 
rates compared to instances where no plastic seal is used. Subsequently the elevated burn rate 
leads to a transition to mass explosion in the acceptor pack. Whether the escalation in the 
violence of the reaction is due purely to thermal effects or pressure effects or a combination 
of both is unclear. Further research would be necessary to resolve this issue. 
 
It is considered that for all tests the output of the thermal sensors may have been attenuated 
by the thermal mass of the materials they were in contact with or shielding between the 
sensor and the thermal challenge. Therefore the temperature values should be interpreted 
carefully although the trends they show should be considered as representative. 
 
Overall, the gas flow data has been unable to corroborate the mechanism proposed by 
previous work17 since evidence of the influx of hot gases into a transport pack of waterfalls 
prior to mass explosion (raised pressure or temperature) has not been demonstrated. The 
issues with obtaining accurate temperature values would need to be resolved before 
additional instrumented testing was performed. 
 
In transport containers containing transport packs of fireworks, gases can flow relatively 
freely through open channels between the boxes; the narrower the gap the further and faster 
the hot gases travel17. This is not replicated by standard UN series 6(a) and 6(b) tests or the 
modified tests performed in this research. The sand tightly surrounds the boxes and gas flow 
is limited to channels that develop as pressure rises and dislodges the sand. Consequently, 
identifying where these channels will be is difficult and the relatively sparse thermocouple 
instrumentation used may have missed some significant heat flows. The use of the plastic seal 
merely prevents gas movement into the sand for a short period; once the plastic membrane is 
breached the gas movement through the sand is similar to that for normal series 6 
tests.  While the modified tests, using the plastic membrane, are considered to represent the 
resistance to gas movement in an ISO-container full of transport packs of waterfalls it is 
suggested that any future work should use a small-scale version of a packed ISO-container so 
that gas movement can be monitored more easily. 
 
Ramifications for UN series 6 testing 
The UN model regulations define a mass explosion as an explosion affecting almost the 
entire load virtually instantaneously19 and the UN Manual of Tests and Criteria (MoTC) 
indicates that this can be demonstrated in tests by observing disruption or scattering of 
confining material20. Clearly, the effects observed in Test 3 meet both requirements since all 
the waterfalls were consumed almost instantaneously and the wooden shuttering and sand 
was widely distributed. The other test where an explosion occurred (Test 6), met the 
requirement of the MoTC but it is evident that a substantial proportion of the waterfalls in the 
donor box burned sequentially before the acceptor box produced the mass explosion effects.  
However, the expectation is that if more transport packs had been present the explosion of the 
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acceptor pack would have sympathetically ignited the others leading to mass explosion of the 
entire load. Consequently, this test is also considered to have produced effects consistent with 
a HD1.1 event. 
 
Table 2 shows that for this particular type of waterfall, the depth of burial and the presence of 
a barrier impermeable to the gases generated (plastic sheet) can affect the outcome of the test. 
Test 3, where the sample was sealed in plastic and buried to 1 m, results in a mass explosion, 
while Test 1, where burial depth is only 0.5 m, does not. Similarly, removing the plastic seal 
but maintaining burial the depth (Test 2), results in a relatively benign reaction compared to 
Test 3. 
 
Where multiple pack tests were performed using a live donor pack and an inert acceptor pack 
neither test results in mass explosion effects even when a plastic seal was present. This 
suggests that the volume that the hot gases can expand into is also a critical factor. In these 
cases (Tests 4 and 5), the energy from the waterfalls in the donor can be dissipated into the 
inert acceptor pack and since it does not contain waterfalls the overall pressure will be lower 
compared to a single pack test, which could affect the progression of the reaction. However, 
when 2 live transport packs are wrapped in plastic (Test 6) it is suggested that the additional 
waterfalls in the acceptor pack reinforce the deflagration process, leading to a mass 
explosion. 
 
The data indicates that burial depth, which affects confinement, and the presence of an 
impermeable barrier (plastic sheet), which modifies gas movement; both contribute to the 
outcome of the test such that the behaviour more closely reproduces the large-scale effects 
observed (mass explosion). 
 

Table 2 - Effect of plastic seal on outcome of UN test 
 Single pack tests Multipack tests 
Test No. 1 2 3 4 5 6 
Depth of burial (m) 0.5 1 1 1 1 1 
No. of live packs 1 1 1 1 1 2 
No. inert packs 0 0 0 1 1 0 
Sealed in plastic (Y/N) Y N Y N Y Y 
Mass explosion (Y/N) N N Y N N Y 

 
For the UN series 6(a) and 6(b) tests to be so sensitive to small changes in gas permeability 
and confinement is concerning because it suggests that an erroneous negative result may be 
obtained, i.e. no mass explosion effects observed in the test but a hazard of mass explosion in 
large-scale storage or transport due to confinement effects or restriction of gas movement. 
 
The UN series 6 tests were originally designed for high explosives where 
deflagration/detonation is almost instantaneous. In such instances it is not believed that the 
confining material or impermeable membranes would affect the result of the test. However, 
for this type of waterfall, this has been shown to be the case and could be an issue with other 
slow reacting materials such as propellants and other pyrotechnics. 
 
The outcome of the research outlined in this report is based on the results of single tests of 
each test design. Consequently, it is not clear if the results observed are reproducible. It is 
planned that the tests described are repeated a number of times to clarify this, repeating tests 
3 and 6 would meet this requirement. In addition, it would be informative to perform tests 
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with 3 or 4 packs sealed in plastic to establish if mass explosion of one pack leads to the 
involvement of all the remaining packs. 
 
 

CONCLUSIONS 
 
These conclusions are based on data from single tests of each experimental design. It is 
strongly recommended that corroborative tests are performed. 
 
Gas movement 

1. Gases from the inner box where the test was initiated tend to start venting from the 
transport pack before entering the second inner box. 

2. Where two live transport packs of waterfalls are sealed in plastic and buried to 1 m 
there is no evidence of preheating of the inner boxes in the acceptor pack prior to 
mass explosion indicating a rapid transition from the relatively slow deflagration in 
the donor pack to mass explosion in the acceptor. 

3. Where two live transport packs of waterfalls are sealed in plastic and buried to 1 m 
the sand confinement and plastic seal are compromised before the acceptor pack 
explodes, suggesting that the influence of the plastic seal occurs before it is breached. 

4. There is prima facia support for the contention that movement of gas into the sand is 
an important mechanism of pressure relief and that for some pyrotechnics this could 
result in an underestimation of the hazards presented in storage or transport. 

5. The tests have provided evidence to suggest that gas movement is a realistic 
mechanism for the propagation of an incident involving large quantities of 
pyrotechnics under confinement. 
 

Ramifications for UN series 6 testing 
1. Both burial depth and the presence of an impermeable seal contribute to the 

outcome of the test. 
 
2. The data suggest that results produced from UN series 6(a) and 6(b) tests may not 

accurately reflect the hazards presented by some fireworks during storage or 
transport. The paper has reported the behaviour of a specific type of waterfall and 
other types of firework may exhibit the same behaviour.  

 
3. Hazards from high explosives are unlikely to be underestimated because their 

reaction rates are so high. However, underestimation may be an issue for 
relatively slow reacting explosives such as some pyrotechnics and propellants.  

 
4. The modified test method described is able to replicate the hazards presented by 

waterfalls when stored or transported in containers but it is too early to conclude 
that it should be included in the UN Manual of Tests and Criteria. Further work 
would be required before there is sufficient confidence in the reproducibility of 
results and the scope of application to allow such a proposal to be made. 

 
Disclaimer 
This publication and the work it describes were funded by the Health and Safety Executive 
(HSE). Its contents, including any opinions and/or conclusions expressed, are those of the 
authors alone and do not necessarily reflect HSE policy. 
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ABSTRACT 
 
In this industry, like any other, accidents happen and the main reason is often human error. 
To eliminating this mode of failure, man builds machines which are designed to perform 
repetitive work safely. But machines also fail because of lack of equipment maintenance, 
mechanical faults or human negligence. It is very difficult to set up a solution to fully impose 
warranty for zero incidents. The goal of this study is to maximize the reduction of the 
collateral damages. 
 
It would be ideal to provide 100% safety but this is a difficult task and very dependent on 
small details that can prevent this full warranty. Man can have the best system to detect and 
act, using electronic sensors associated with advanced fire suppression system but a 
malfunction can occur in the most delicate moment. Systems need regular and expensive 
inspections, and rely on mechanical and electronic equipment that may fail at the wrong time 
and of course, there always remains the human error. 
 
The basic idea of this study is to join the laws of physics and nature, i.e., gravity and water, 
and with this pair of entities, reduce the dependencies of maintenance, equipment, machines, 
sensors, etc., but achieve efficiency and improve safety. 
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INTRODUCTION 
 
One of the most dangerous operations in the pyrotechnic industry is the mixing and handling 
of the pyrotechnic compositions, in particular, black powder. The reaction of black powder 
can have serious consequences because of its powerful combustion. Black powder does not 
detonate, but produces a very violent heat wave (fireball). The fire produced by the 
combustion of black powder must be fought through abundant water discharge, absorbing the 
heat, reducing the temperature and drowning out the fireball. The average speed1 of 
combustion of black powder used in pyrotechnics is 1450 mm/s +/- 20%. In the mixing 
process of raw materials, in which pure water is added, the combustion speed and sensitivity, 
reduces considerably. 
 
The main objective of the proposed extinguishing system is to reduce substantially the 
consequences by direct action of extreme heat (thermal radiation, fireball, etc.) on the 
operator and prevent the spread of fire to side rooms. 
 
Water is the best product to use as extinguishing agent for pyrotechnics and black powder 
because such types of compositions supply their own oxygen to sustain combustion. As 
examples, oxidizers such as nitrates, etc., are contained in the chemicals mixtures. Using 
extinguishing agents to smother or eliminate oxygen will not be effective. So, the water can 
disperse and cool the mixture to interrupt the chemical reaction. 
 
The theory is basic: A huge amount of water is setup over the process machinery and gravity 
will do the rest! There are no electronic detection systems or high-pressure pumps that need 
maintenance and that can always fail. The proposed system is cheap to install and is always 
on! More efficient and functional systems do not exist! 
 
 

TECHNICAL INFORMATION AND PROCEDURES 
 
The mixer equipment 
This study was performed in mixing equipment, by continuous circular movement, of 2 ton 
steel wheels. The mixture is in contact with air. 
 
The mix composition 
The basic mixture of black powder is composed of potassium nitrate, sulfur, charcoal and 
starch. This mixture gets 20% of water to assist in the effective binding of the raw materials. 
The total mass of the mixture used, each time, is 50 kg. 
 
The relationship between mass of black powder and volume of deluge water 
Through real tests, we obtained a ratio of 1 kg of powder to 10 L of water to extinguish the 
fire. 
 
The water bags 
Each bag holds 16 L of water. A total of 30 bags corresponding to a total of roughly 500 L of 
water were used. In addition, a fire retardant agent can be blended into the water, to improve 
a little bit more the efficiency of the water. Also, in case of facilities established in very cold 
winter climate regions, anti-freeze agents must be added. The water bags are tied to the net of 
steel cables that are installed above the mixing table. Each bag will have at the base a powder 
cord (tape-fuse, black powder fuse) pasted with plastic tape to ensure the immediate 
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disruption at the first contact with flames. The same type of black powder cord is used to link 
all bags, to ensure that all bags break at the same time. 
 
The steel cables net 
The cable net consists of steel cables of 4 mm thickness and their supports, which have been 
firmly attached. These cables should not be longer than 3 m, in order to reduce the cable 
deflection because of the weight that they support. Each cable, between the attachment 
points, should be about 30 cm long and the wiring lines are arranged in parallel. 
 
Disposition of water bags 
These bags should be lined up, leaning against each other and at a distance of 30 cm from the 
steel wheels. Contact with any part of the machine must be avoided to prevent disruption by 
rubbing/friction. This distribution must cover the entire mixing basin. For the investigated 
mixer, 5 cables with 6 bags each were used. 
 
 

CONCLUSIONS 
 
The big question is always how fast one can detect an unexpected fire and how fast one can 
act to stop that fire and minimize the material and human consequences. The target of this 
project is upgrading the human safety and the collateral damages (equipment’s, builds, etc.). 
With this system water is discharged, which by gravitational effect, will dampen and 
extinguish the fire outbreak, dissipating the heat of combustion and thereby, reducing the 
temperature of black powder reaction products. For a better understanding of the description 
given above, Figure 1 shows the mixer used for this study, with the water plastic bags 
suspended on top. 
 

 
Figure 1 – The mixer (basin and steel wheels) with the water plastic bags 
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Because of the huge and fast water discharge, it sometimes results in the total extinction of 
the flame, leaving unburned black powder on the basin. By having all water bags with 
attached black powder cords at the base and are all connected to each other, it is guaranteed 
that all of the water falls on the open flame, flooding the basin. Being a direct action-reaction 
system, its operation, we can say is infallible. By not depending on sources of electricity, 
infrared sensors or other, it is a reassuring scenario. 
 
As always the most effective and least costly form of fire protection is a good safety plan. It 
must include the following: 
 

 Control generation/dissipation of static electricity 
 Keep batch sizes small 
 Eliminate composition residue in association with good housekeeping 
 Avoid the presence of workers whenever possible 
 Avoid powder trails and separate batches to eliminate propagation to source or bulk 

storage 
 Install correct and safe electrical wiring for the particular application 
 Provide safe and unrestricted egress 
 Provide proper ventilation 
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ABSTRACT 
 
The European harmonized standards for fireworks of Category 4 state that the safety 
distances shall be determined in real conditions of firing by users. Some performance data are 
displayed on the label of the articles for their calculation. No “standard” value is given either 
on the label or in the instructions for use. 
 
Based on previous practice for more than 30 years, the French regulations have kept the 
mandatory requirement that a value of safety distance be displayed on the label of 
professional fireworks. Such value will then be an addition to the labelling requirements of 
the European standards for all fireworks to be fired in France. 
 
How can such “standard” safety distance be determined? Experts from French companies 
were invited to propose a method to do so. The present paper describes their technical 
approach, the computational models they used, the comparisons they made with real firings 
and the numerical simulations they made in various conditions of wind and deviation from 
the vertical. A “standard” calculation method resulted from that approach, based on 
unambiguous and accurate characteristics of the articles. 
 
Some explanation about the manner “standard” safety distances may be used to determine the 
safety distances to be taken into account in real conditions of firing is also presented. 
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INTRODUCTION 
 
Safety distances are to be taken into consideration when equipment and articles which present 
hazards for human life and environment are used. This includes pyrotechnic articles and 
fireworks and, for that reason, the European Directive 2013/29/EU1 of 12 June 2013 “on the 
harmonization of the laws of the Member States relating to the making available on the 
market of pyrotechnic articles” requires in its Article 10.3: 
 

Fireworks shall also display the following minimum information: 
 

(a) Category F1: where appropriate: ‘for outdoor use only’ and a minimum safety 
distance; 

(b) Category F2: ‘for outdoor use only’ and, where appropriate, minimum safety 
distance(s); 

(c) Category F3: ‘for outdoor use only’ and minimum safety distance(s); 
(d) Category F4: ‘for use only by persons with specialist knowledge’ and minimum 

safety distance(s). 
 
While the values of the minimum safety distances are fixed to at least 1, 8 and 15 metres for 
consumer fireworks of Categories F1, F2 and F3 respectively, no value is imposed for 
professional fireworks of Category F4. The directive leaves the responsibility of determining 
the values to be used in practice according to the generic types of fireworks to the experts and 
this determination was then included in the mandate the European Commission gave to the 
European Committee for Standardization (CEN) for the elaboration of harmonized standards 
for pyrotechnic articles according the above mentioned directive. 
 
The experts who participated in the meetings of the working group that was to develop the 
standard for category F4 fireworks considered that for these articles, which are designed to be 
used by persons with specialist knowledge, “minimum safety distances” ought to take into 
account that they may be used in nonstandard conditions, “nonstandard” meaning different 
from the conditions which are determined for the functioning tests in EC type examination2. 
 
For example, according to the artistic positioning of visual effects which is needed in 
fireworks displays, some articles may not be fired vertically and other may be shot behind 
walls or natural slopes which may create an efficient protection for the attendance. Likewise, 
safety protections may be placed by the firers in order to prevent the extension of hazardous 
effects in some directions from the firing point. 
 
Weather conditions can also have a significant influence on the safety distances: for instance, 
the trajectory drifts caused by the wind lead to a leeward shift and deformation of the safety 
zone around the firing point. 
 
These considerations led the experts to propose not to display predetermined minimum safety 
distances on the label of category F4 fireworks, but performance data corresponding to 
“standard conditions” (e.g. vertical firing and wind speed less than XX m/s) and commonly 
understandable by every person with specialist knowledge. These persons would be trained to 
evaluate, on the basis of these performance data, the real safety distances corresponding to 
the real firing conditions. 
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This interpretation of “minimum safety distance” for Category 4 fireworks was accepted by 
the European Commission. 
 
Consequently, the fourth part of the European Standard for fireworks of Category F4 – EN 
16261-43 – requires that the following common information must be displayed on labels 
throughout EU: 
 

 two sentences: 
 
“Article to be used in accordance with written instructions and national regulations.” 
“Minimum safety distances to be determined by users using supplied product data.” 
 

 numerical values of the following mandatory parameters (“product data”), determined 
on the basis of the recorded values of these parameters in type tests: 

 
o Effect height or burst height according to the generic type, 
o Maximum A-weighted impulse sound pressure level, 
o Distance to which dangerous debris can be projected, 
o Information on incandescent and/or burning matter, 
o Effect range for aquatic fireworks, 
o Overall duration for aerial wheels, 
o Maximum firing angle if the angles of the launching tubes are not visible. 

 
The above requirement does not exclude the possibility of adding supplementary information 
on the label of Category F4 fireworks on a national basis. So no EU Member State is obliged 
to withdraw usages which have proved their efficiency for years to the satisfaction of the 
local public and the different Administrations of the Member State. 
 
This possibility led the French governmental authorities to keep the mandatory requirement 
that a value of safety distance be displayed on the label of professional fireworks. This 
requirement had been part of the French law for more than 30 years and was considered 
essential to assure the safety of the end-users and of the public attending firework shows. 
Companies that have fired pyrotechnic shows in France may have experienced the visit of 
inspectors (policemen, firemen, customs officers…) at the firing place to check whether they 
had complied with the safety distances displayed on the labels of the fireworks. 
 
What understanding shall be adopted for the displayed safety distance? How can such a 
“standard” safety distance be determined? What freedom is given to the pyrotechnician (the 
“persons with specialist knowledge”) to calculate different values of the safety distances in 
real conditions of firing as they are invited to do by the labelling of the articles? The present 
paper is intended to give answers to these questions. 
 
 

APPROACH 
 
Experts from French companies were invited in 2013 by the governmental authorities to give 
their opinion about what should be considered a proper “standard” safety distance and 
propose a method to calculate it so that it could be displayed on the label of every firework 
article. 
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First of all, it was agreed that the safety distance to be taken into consideration should 
correspond to the normal functioning of the firework, meaning that the cases of a black shell 
or a late burst beyond the apogee would not be considered. Such cases would lead to overly 
large safety distances in windy conditions and pyrotechnician could take appropriate 
precautions to ward off their consequences as part of their specialist knowledge. On the other 
hand, malfunctions such as early bursts of shells, abnormally low apogees and explosions in 
mortars (provided that such mortars are not split into fragments of high velocity) are covered 
by the minimum safety distances corresponding to the normal functioning if these safety 
distances include the radius of the principal effect of the shells as shown in Figure 1. 
 

 
Figure 1 – Minimum safety distance of shells 

 
The choice of such definition of the “standard” safety distance was supported by the available 
reports on accidents caused by malfunctions of fireworks in the last ten years. No accident 
that could be attributed to dark shells having hit the ground and burst at impact or to 
abnormally late explosions of shells was reported. On the contrary, most of them were linked 
to explosions of shells in mortars or at low altitude in the ascending part of their trajectory, 
for various causes: mechanical failure of mortars, shells placed in mortars of larger calibre or 
upside down in mortars, damaged shells having lost a part of their lift charge, early 
transmission of fire to the main charge… 
 
Moreover, it was reasonably expected that the application of the new European Standards for 
Professional Fireworks (EN 16261-2) would result in an improvement of the quality and 
safety of professional fireworks from through EC-type certification and the requirements for 
batch testing. 
 
Secondly, on behalf of SFEPA (the French Association of Manufacturers of Explosives, 
Pyrotechnics and Fireworks), Etienne Lacroix Tous Artifices S.A. (“Lacroix”) prepared a 
technical study based on theory and experience, consisting in: 
 

 using a simple numerical model to calculate the free trajectory of shells, taking into 
account the aerodynamic drag applied to the shells and the possible variations of the 
angular deviation of mortars from the vertical and of the horizontal wind speed; 



178 

 comparing calculations with results of real firings of shells in order to adapt some 
empirical parameters such as the aerodynamic drag coefficient; 

 making numerical simulations of shell trajectories to draw up charts giving values of 
the horizontal shift of these trajectories in terms of some parameters such as the mass 
of the shell, the angular deviation of mortars, the shell speed at the muzzle of the 
mortar, the horizontal wind speed; 

 analyzing the whole set of values; 
 proposing the simplest method of determination of the minimum “standard” safety 

distance as possible. 
 
 

NUMERICAL MODEL OF SHELL BALLISTICS 
 
Equations of external ballistics 
In 2002, Lacroix carried out calculations to evaluate the variations of performance of aerial 
shells of various calibres when fired from mortars of different lengths. A home-made 
software was used which had been previously developed and qualified for military 
applications. This software is based on the numerical resolution of the equations of internal 
ballistics of guns which allow the determination of the shell velocity at the muzzle of guns (or 
mortars in the case of fireworks) and then the subsequent resolution of the equations of 
external ballistics of projectiles. 
 
Such software is rather complex and was found not to be adapted for a parametric study that 
needed many calculations and should be made in a relatively short time. Moreover, while the 
software gives rather reliable results when smokeless powders are used and when the ratio of 
the length of the mortar to its diameter is higher than 8 to 10 for smaller values of this ratio, 
the software underestimates the muzzle velocities and neglects the fact that, during its ascent, 
the shell remains into the exhaust of gases and burning particles of the lift charge for some 
distance above the mortar and is still pushed upwards by these gases, which increases its 
velocity. 
 
However, this software gives acceptable results for shells of small calibre (≤ 75 mm) and was 
used to determine estimates of the drag coefficient of cylindrical shells as will be presented 
hereafter. 
 
So, for the purpose of its study, LACROIX preferred to use a simpler model, limited to the 
numerical integration of the two-dimensional equations of external ballistics of projectiles 
and use some results from the calculations made in 2002 as input data, mainly drag 
coefficients. 
 
This two-dimensional model is then based on the following equations: 
 

 Vertical motion: 

푚 ∙
푑 푦
푑푡 = −푚 ∙ 푔 −

1
2 ∙ 휌 ∙ 푆 ∙ 퐶 ∙ 푉 ∙

푑푦
푑푡  

 Horizontal drift: 

푚 ∙
푑 푥
푑푡 =

1
2 ∙ 휌 ∙ 푆 ∙ 퐶 ∙ 푉 ∙ 푊 −

푑푥
푑푡  
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where : 

푚 is the mass of the aerial shell (in kilograms) 
푔 is the standard gravitational acceleration at sea level, equal to 9.80665 m/s². 

휌 is the density of air, equal to 1.204 kg/m3 at sea level and 20°C 
푆 is the cross section of the shell: 

푆 = 휋 ∙
퐷
4  

퐷 is the diameter of the cross section of the shell in metres 
퐶  is the drag coefficient of the shell according to its shape (See hereafter) 

푉 is the relative shell velocity in metres per second 

푉 = 푊−
푑푥
푑푡 +

푑푦
푑푡  

푊 is the horizontal wind velocity in metres per second 
 
In the above equations, the aerodynamic lift is considered negligible by comparison with the 
aerodynamic drag. It results from the common shapes of firework shells which usually 
exhibit no airfoils. The wind is supposed to flow horizontally, meaning that its vertical 
component is assumed small enough to be neglected; this assumption is reasonable for a 
study which is focused on “standard” situations of firing. 
 
The above differential equations were solved using MS Excel and a Runge-Kutta solver of 
fourth order. Figure 2 shows a typical result for the trajectory of a 75 mm aerial shell fired 
with a deviation angle of 5° from the vertical, with a horizontal wind of 5 m/s. The trajectory 
stops at the point where the shell bursts, at a time equal to the duration of the internal fuse of 
the shell (here 4.2 s). 
 
 

 
Figure 2 – Example of calculated trajectory of shells 

 
 
 
 
 

Height (m) 

Drift (m) 
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Drag coefficient 
One of the main difficulties is to determine the drag coefficient 퐶  of shells. For a pure 
sphere, the drag coefficient can be found easily in technical literature: Figure 34 shows its 
typical variation in terms of the Reynolds Number 푅푒. 
 
The Reynolds Number characterizes how the air flows around the shell and depends on the 
mean velocity 푉 of the shell relative to the air, the hydraulic diameter 퐿 of the shell (which 
can be taken equal to the diameter of its cross section) and the dynamic viscosity 푢 of the air 
(equal to 15.6 ∗ 10 푚 /푠 at 20°C): 
 

푅푒 =
푉	퐿
푢 = (4800	푡표	12800)퐿 

 

for aerial shells of calibres between 75 and 200 mm. And, for relative shell velocities 
between 0 and 80 m/s, the Reynolds number of aerial shells lies between 0 and 3.8x105 and 
10.2x105. 
As can be seen on Figure 3, in that range of Reynolds numbers, the drag coefficient varies 
significantly: between 0.08 at the muzzle in the worst case to more than 100 at the apogee 
when there is no wind! 
 
 

 
Figure 3 – Drag coefficient of spheres and circular disks 

 
 
According to the Stokes’s law which is valid at low speeds, the drag coefficient tends towards 
infinite values when the relative velocity of the projectile decreases to zero. Then it is much 
better to transform the curves of Figure 3 from the variations of 퐶  to the variations of the 
product 퐿.퐶 ∙ 푉 (=푢.푅푒.퐶 ) which is used in the above differential equations. It gives the 
curves of Figure 4 here below. 
 

퐶  
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Figure 4 – 퐿 ∙ 퐶 ∙ 푉	 of spheres in terms of the Reynolds number 

 
An analytic approximation of the above curve for Reynolds numbers between 1 and 200000 
is given by the following equation: 

퐿 ∙ 퐶 ∙ 푉 = 푒 . .[ ( )] . . ( ) .  
with a correlation coefficient equal to 0.9994. 
 
The above equation was used in the numerical model as a correct approximation for spherical 
shells. The mean values of the calculated drag coefficient at each step of the Runge-Kutta 
integration process lie very close to 0.50-0.52 which can be compared to the estimate of 
0.472 that Takeo Shimizu calculated and published in 19885. 
 
The determination of the drag coefficient for cylindrical shells raises more problems, because 
of the fragmented character of the information on flows around short cylinders that can be 
found in technical literature. Two cases must be taken into consideration: (1) the cylinder 
moves with one of its circular faces perpendicular to the airflow, (2) the cylinder moves with 
its axis perpendicular to the airflow. Figure 5 shows typical curves that can be found in the 
technical literature4,6. 
 

  
(1) (2) 

Figure 5 – Drag coefficient of cylinders in (1) axial and (2) perpendicular flow 
 
From the above figure, it can be noticed that, for cylindrical shells with ratios length to 
diameter between 1 and 2, the drag coefficient in axial flow lies between 0.85 and 0.90 (the 
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corresponding Reynolds number is unknown but may be supposed to lie in the range 102 - 106 
as usual). 
 
For perpendicular flows, Figure 5 (2) gives the drag coefficient for cylinders of infinite length 
and a correction should be applied for short cylinders. Such corrections are quite difficult to 
find in available publications and they correspond to specific cases that cannot be 
extrapolated to the motion of cylindrical shells in the air. Nevertheless, the order of 
magnitude of the drag coefficient of short cylinders in perpendicular flows is probably rather 
close to the values that are given in Figure 5 (2) at Reynolds numbers between 102 and 106, 
namely 1.0 to 1.3. 
 
Moreover, it is often observed that cylindrical shells roll and toss on their trajectories so that 
the drag coefficient may be strongly different from the above values and lie outside the 
interval between 0.85 and 1.30. This particular behavior may generate a pattern of the flow 
lines and vortices that is more like that of spherical shells than that of stable cylinders. 
 
It is the reason why Lacroix chose to determine an estimate for the drag coefficient of 
cylindrical shells from comparisons between numerical simulations and real trajectories. 
Takeo Shimizu did the same in a paper he presented in July 19885. 
 
To do so, Lacroix used the already mentioned home-made software which is based on the 
numerical resolution of the equations of internal ballistics of guns and mortars and had been 
previously developed and qualified for military applications. This software will not be 
described here but only the estimates it gave for the muzzle velocities and drag coefficients 
after having been empirically corrected to match experimental results. 
 
One example of the calculations made in 2002 is of interest for our purpose: the ballistic 
performance of a cylindrical 50 mm shell of mass 68 grams, fired in a 400 mm long mortar 
with a lift charge of 18 grams of black powder. A series of real vertical firings gave an 
average burst height of 88 metres (min. 80 metres, max. 97 metres), for a trajectory fuse of 
2.5 seconds. 
 
In this example the ratio of the length of the mortar (400 mm) to its diameter (50 mm) is 
equal to 8 and remains in the domain of applicability of the software. Moreover it deals with 
cylindrical shells the drag coefficient of which we need to obtain an estimate. 
 
On Figure 6 the calculated pressure (top), shell velocity (middle) and position (bottom) in the 
mortar are plotted in terms of time. Figure 7 shows how the height of the shell varies with 
time up to its burst at 2.5 seconds. 
 
The estimate of the drag coefficient of the cylindrical shell that corresponds to the best fit 
between calculation and real firings is equal to 0.6. Compared to the values of Figures 3 
(sphere) and 5 (cylinder), it shows that the hypothesis of similarity of the flow pattern 
between a rolling and tossing cylinder and a sphere may be acceptable. 
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Figure 6 – Motion of a 50 mm cylindrical shell in a 400 mm long mortar 

 
 
 

 
Figure 7 – Calculated external ballistics of a 50 mm cylindrical shell 

 
 

PARAMETRIC RESULTS 
 
The following values (See Table 1) were used to carry out the analysis of performance of 
aerial shells and propose corresponding safety distances. They come from the synthesis of a 
number of dynamic tests of spherical shells of various calibres. Indeed, they correspond to 
samples taken from the batches of fireworks Lacroix imported in 2013 for its own 
consumption. Nevertheless they have no special design or performance compared with 
fireworks that are commonly found on the international market, e.g. from China. 

 

Time (ms) 

Time (ms) 

Time (ms) 

Pressure (bars) 

Shell velocity (m/s) 

Shell position (mm) 



184 

Table 1 – Burst heights and NEC of typical spherical shells 
Calibre 
(mm) 

Burst height (m) Net Explosive Content (g) 
Min. Mean Max. Min. Mean Max. 

75 94 106 123 65 112 135 
100 104 130 170 129 270 361 
150 151 189 227 93 702 1400 
200 167 222 292 2516 2681 2827 

 
For each calibre, the values of burst height in the above table correspond to several types of 
shells that differ by their main effect. The minimum and maximum values are the mean of the 
burst heights that were recorded for the types of shells which burst at the lower and higher 
altitude respectively. Then, remembering that the European standard EN 16261-27 for 
fireworks of Category F4 allows a tolerance margin of ±30 % of the mean burst height 
displayed on the label of the firework, the following values were adopted to fit the ballistic 
calculations with the available experimental data (See Table 2). 
 

Table 2 – Values of burst height and gross mass for the fitting process 
Calibre 
(mm) 

Burst height (m) Gross mass 
(g) 

Projectile 
mass (g) Min. Mean Max. 

75 66 106 160 220 180 
100 73 130 221 510 420 
150 106 189 295 1500 1250 
200 117 222 380 3700 3000 

 
For the determination of minimum safety distances, Figure 1 shows that we need estimates of 
the effect broadness. Such characteristic is quite difficult to be measured accurately and was 
not recorded during the tests which led to the data of Table 1. Nevertheless, on the basis of 
previous experience, the following estimates of the radius of the principal effect were adopted 
as mean values: 
 

 Calibre 75 mm = 30 m 
 Calibre 100 mm = 40 m 
 Calibre 150 mm = 85 m 
 Calibre 200 mm = 95 m 

 
Finally, as aerial shells are usually adjusted to burst during their ascent and, at the latest, at 
the apogee of their trajectory (no tip-over), the horizontal distance corresponding to this 
apogee will be kept as a majorant of the horizontal drift in the determination of the minimum 
safety distance. 
 
Parametric calculations 
The influence of various parameters that characterize the shells and their firing conditions is 
presented hereafter for 75 mm cylindrical shells. Similar results were obtained for shells of 
other calibres (100, 150 and 200 mm) and led to the values that are displayed in the following 
Tables 3 to 6 and will be discussed later. 
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Horizontal wind speed 
Figure 8 shows the increase of the horizontal drift of the shell when the wind speed grows 
from 0 to 20 m/s, for a deviation of 10° of the axis of the mortar from the vertical. The 
apogee is not impacted significantly by the lateral wind because it is assumed to flow 
horizontally. 
 

  
Figure 8 – Influence of the wind speed on the horizontal drift of 75 mm shells 

 
 
Deviation angle from the vertical 
Figure 9 shows the increase of the horizontal drift of the shell for a wind speed of 5 m/s when 
the shell is fired with a deviation angle of 0 to 10° from the vertical. The apogee slightly 
decreases from 106 m to 104 m. 
 

  
Figure 9 – Influence of the deviation angle from the vertical 

on the horizontal drift of 75 mm shells 
 
Height of apogee 
Figure 10 shows the variation of the horizontal drift of the shell for a wind speed of 5 m/s 
when the shell is adjusted to reach different heights of apogee and fired with a deviation 
angle of 5° from the vertical. The width of the interval of variation of the heights of apogee is 
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taken equal to the tolerance margin which is allowed by the European standard EN 16261-27 
for fireworks of Category F4, namely ±30% or [74 m, 138 m] (See Table 2). 
 
 
 

  
Figure 10 – Influence of the height of apogee on the horizontal drift of 75 mm shells 

 
According to Figure 10, it appears clearly that the worst case corresponds to the highest 
apogee, which complies with what could be expected. This worst case will be taken into 
account in the determination of “standard” safety distances as a majorant for all other cases. 
 
Muzzle velocity 
Figure 11 shows how the height of apogee and the horizontal drift of the shell decreases when 
the muzzle velocity drops from the nominal value corresponding to the mean height of 
apogee (106 m) by steps of 10%. For the trajectories of Figure 11, the lateral wind flows at 5 
m/s and the mortar axis deviates by 5° from the vertical. 
 
This series of calculations simulates a shell which is placed inside a mortar of larger calibre 
or the lift charge of which is damaged and has lost a part of its composition. The trajectory 
delay was kept at its nominal value of 4.2 seconds for all the calculations of that series. 
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Figure 11 – Influence of the muzzle velocity on the horizontal drift of 75 mm shells 
 
It appears that, when the muzzle velocity decreases, the burst point of the shell lies at a 
shorter horizontal distance from the firing place. Consequently, all the corresponding 
situations are covered by the nominal case, which goes in the right direction for the 
determination of the “standard” safety distances. 
 
Duration of the trajectory fuse 
In the case of Figure 12, the shells are adjusted in such manner that they burst at the same 
altitude (106 m) for different values of the duration of their trajectory fuse. For a wind speed 
of 5 m/s and a deviation of the axis of the mortar of 5° from the vertical, it appears that the 
horizontal drift decreases when the duration of the trajectory fuse is shorter. This series of 
calculation shows that, for a given burst height, the worst case corresponds to a burst of the 
shell at the apogee of its trajectory. 
 
Figure 12 only displays the highest part of the trajectory of the shell to enlarge the area where 
the shells burst and make the curves separate more distinctly. 
 

  
Figure 12 – Influence of the duration of the trajectory fuse 

on the horizontal drift of 75 mm shells 
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Mass of projectile 
Figure 13 shows the enlarged part of the trajectories of 75 mm spherical shells of different 
masses (gross mass without the lift charge and its container), for a wind speed of 5 m/s and a 
deviation angle of mortar of 5°, and at constant height of apogee (106 m). 
 
It appears that the influence of the mass of the projected part of the shell has a slight impact 
on the horizontal drift (less than 3 metres). The largest drift is observed for the lightest shell. 
 
Cylindrical vs spherical shells 
To evaluate the effect of the shape of shells on their burst height and horizontal drift, the 
trajectories of a cylindrical shell of same calibre (75 mm) and mass (180 g) as a spherical 
shell were computed and plotted for direct comparison (See Figure 14). As regards the 
cylindrical shell, two cases were considered: 
 

 Cylindrical 1: the two types of shells have the same muzzle velocity (72 m/s) and the 
same duration of trajectory fuse (4 s) 

 Cylindrical 2: the two types of shell burst at the same height of apogee (106 m) 

 

 
Figure 13 – Influence of the muzzle velocity on the horizontal drift of 75 mm shells 

 
The ballistic calculations were carried out in a pessimistic configuration: wind blowing at 
10 m/s and mortar tilting by 10° from the vertical. Even, in this case, the drift of the 
cylindrical shell is only slightly longer than that of the spherical shell when they are adjusted 
to burst at the same height: they only differ by 1.3 metres (less than 3% of the drift). When 
the two types of shells are projected out of the mortar at the same muzzle velocity, the 
difference of performance is more important on the burst height (-10 metres), but the drift of 
the cylindrical shell differs only by -0.4 metres. 
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Figure 14 – Influence of the shell shape on the horizontal drift of 75 mm shells 

 
 
This slight difference finds its explanation in the value of the drag coefficient which was 
adopted (0.6) and is close to the drag coefficient of spherical shells (~0.5). Figure 15 shows 
the variations of the horizontal drift of 75 mm cylindrical shell in the same conditions of 
firing (wind 10 m/s and deviation angle 10°) if we had adopted larger values of the drag 
coefficient up to 1.1 (See Figure 5). 
 

  
Figure 15 – Influence of the drag coefficient on the calculated horizontal drift 

of 75 mm cylindrical shells 
 

The difference of calculated drift between cylindrical and spherical shell varies in the interval 
(1.3 m, 2.4 m), which remains small relative to the whole drift (3 to 5%). 
 
Similar results were obtained for the other calibres. For that reason and because the concept 
of safety distance must include margins for error and then must not be determined within 
some few percent, the evaluation work on “standard” safety distances was focused on 
spherical shells for which the aerodynamic properties are well known and the software gives 
more accurate results. 
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DETERMINATION OF “STANDARD” SAFETY DISTANCES 
 
Results of calculations for all calibres from 75 to 200 mm 
The parametric analyses presented above for 75 mm shells allow one to neglect the variations 
of the parameter “mass of shell” compared with the effect of variations of the burst height on 
the determination of the horizontal drift. As a direct consequence, for every calibre, the 
“standard” safety distance were determined on the basis of maximum burst heights, meaning 
the mean burst height observed for each calibre plus 30% in compliance with the 
requirements of the European standard EN 16261-27 (See fourth column of Table 2). 
 
Tables 3 to 6 give the calculated values of the horizontal drift corresponding to a burst of 
shells at the apogee of their trajectories. The values are given in terms of the horizontal wind 
speed and the deviation angle of the mortar from the vertical. 
 

75 mm Shells (mean mass 180 g, maximum burst height 160 m)  
Table 3 – Calculated horizontal drift of 75 mm spherical shells 

Calculated horizontal drift (metres) 

75 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 0° 0.0 6.4 12.8 19.3 25.7 38.4 51.1 

2.5° 10.4 16.8 23.2 29.7 36.1 48.8 61.4 
5° 20.7 27.2 33.6 40.0 46.4 59.2 71.9 

7.5° 30.9 37.3 43.8 50.3 56.7 69.5 82.2 
10° 40.8 47.3 53.8 60.3 66.8 79.7 92.5 

 
 
100 mm Shells (mean mass 420 g, maximum burst height 221 m) 

Table 4 – Calculated horizontal drift of 100 mm spherical shells 
Calculated horizontal drift (metres) 

100 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 0° 0.0 7.7 15.4 23.2 30.9 46.2 61.5 

2.5° 14.2 21.9 29.7 37.4 45.1 60.5 75.7 
5° 28.3 36.0 43.8 51.5 59.3 74.7 90.0 

7.5° 42.2 50.0 57.7 65.5 73.3 88.7 104.1 
10° 55.8 63.6 71.4 79.2 87.0 102.6 118.0 

 
 
150 mm Shells (mean mass 1250 g, maximum burst height 295 m) 

Table 5 – Calculated horizontal drift of 150 mm spherical shells 
Calculated horizontal drift (metres) 

150 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 0° 0.0 9.0 17.9 26.9 35.8 53.7 71.5 

2.5° 18.9 27.9 36.9 45.8 54.8 72.6 90.4 
5° 37.7 46.7 55.7 64.7 73.7 91.6 109.4 

7.5° 56.2 65.2 74.3 83.3 92.3 110.3 128.2 
10° 74.3 83.4 92.5 101.6 110.6 128.7 146.7 

 



191 

200 mm Shells (mean mass 3000 g, maximum burst height 380 m) 
Table 6 – Calculated horizontal drift of 200 mm spherical shells 

Calculated horizontal drift (metres) 

200 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 0° 0.0 10.0 19.9 29.9 39.8 59.7 79.5 

2.5° 24.6 34.6 44.5 54.5 64.5 84.3 104.1 
5° 49.0 59.0 69.0 79.0 89.0 108.9 128.7 

7.5° 73.1 83.1 93.2 103.2 113.2 133.2 153.1 
10° 96.7 106.8 116.8 126.9 137.0 157.1 177.1 

 
 
 
Effect zones 
By “effect zones”, it is meant the area which lies from the firing point to the distance where 
one is not directly under the pyrotechnic effects of a shell that bursts at its height of apogee. 
This distance is then equal to the sum of the horizontal distance of the bursting point and the 
radius of principal effect (See Figure 1). In order to cover the statistical distribution of the 
effect broadness, the maximum values of the radius of principal effect are estimated by 
application of a factor 1.2 (meaning a statistical uncertainty of 20%) to the mean values 
already mentioned here before. 
 
Tables 7 to 10 below give the values of the effect zones that were calculated according to the 
above definition (including the uncertainty of 20%). 
 
75 mm Shells (mean mass 180 g, maximum burst height 160 m) 

Table 7 – Calculated effect zone of 75 mm spherical shells 
Radius of the effect zone 

  Wind speed (m/s) 

  0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 

0° 36.0 42.4 48.8 55.3 61.7 74.4 87.1 
2.5° 46.4 52.8 59.2 65.7 72.1 84.8 97.4 
5° 56.7 63.2 69.6 76.0 82.4 95.2 107.9 

7.5° 66.9 73.3 79.8 86.3 92.7 105.5 118.2 
10° 76.8 83.3 89.8 96.3 102.8 115.7 128.5 

 
 
100 mm Shells (mean mass 420 g, maximum burst height 221 m) 

Table 8 – Calculated effect zone of 100 mm spherical shells 
Radius of the effect zone 

  Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 

0° 48.0 55.7 63.4 71.2 78.9 94.2 109.5 
2.5° 62.2 69.9 77.7 85.4 93.1 108.5 123.7 
5° 76.3 84.0 91.8 99.5 107.3 122.7 138.0 

7.5° 90.2 98.0 105.7 113.5 121.3 136.7 152.1 
10° 103.8 111.6 119.4 127.2 135.0 150.6 166.0 
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150 mm Shells (mean mass 1250 g, maximum burst height 295 m) 
Table 9 – Calculated effect zone of 150 mm spherical shells 

Radius of the effect zone 

  Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 0° 102.0 111.0 119.9 128.9 137.8 155.7 173.5 

2.5° 120.9 129.9 138.9 147.8 156.8 174.6 192.4 
5° 139.7 148.7 157.7 166.7 175.7 193.6 211.4 

7.5° 158.2 167.2 176.3 185.3 194.3 212.3 230.2 
10° 176.3 185.4 194.5 203.6 212.6 230.7 248.7 

 
 
200 mm Shells (mean mass 3000 g, maximum burst height 380 m) 

Table 10 – Calculated effect zone of 200 mm spherical shells 
Radius of the effect zone 

  Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 0° 114.0 124.0 133.9 143.9 153.8 173.7 193.5 

2.5° 138.6 148.6 158.5 168.5 178.5 198.3 218.1 
5° 163.0 173.0 183.0 193.0 203.0 222.9 242.7 

7.5° 187.1 197.1 207.2 217.2 227.2 247.2 267.1 
10° 210.7 220.8 230.8 240.9 251.0 271.1 291.1 

 
The values of the above tables can be transformed in dividing each of them by the 
corresponding mean burst height or the corresponding shell calibre. These two alternatives 
are given in the following Tables 11 to 14 here below. 
 
In Tables 11 to 14, the grey boxes correspond to ratios of the radius of the effect zone to the 
shell calibre which are smaller than 1000 (with a tolerance of 5%). It appears that defining 
the “standard” safety distance as 1000 times the calibre (in millimetres) would cover a rather 
wide and realistic range of conditions of firing, e.g. those corresponding to the twelve boxes 
that are enclosed inside the black bold line in the above tables. 
 

Table 11 – Ratios of the radius of the effect zone of 75 mm spherical shells to their burst height (top) 
and to their calibre (bottom) 

75 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

De
vi

at
io

n 
an

gl
e 

0° 0.29 0.34 0.40 0.45 0.50 0.60 0.71 
480 566 651 737 822 992 1161 

2.5° 
0.38 0.43 0.48 0.53 0.59 0.69 0.79 
619 704 790 875 961 1131 1299 

5° 0.46 0.51 0.57 0.62 0.67 0.77 0.88 
756 842 928 1014 1099 1269 1438 

7.5° 
0.54 0.60 0.65 0.70 0.75 0.86 0.96 
892 978 1064 1150 1236 1407 1576 

10° 0.62 0.68 0.73 0.78 0.84 0.94 1.04 
1024 1111 1198 1284 1371 1543 1713 
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Table 12 – Ratios of the radius of the effect zone of 100 mm spherical shells to their burst height (top) 
and to their calibre (bottom) 

100 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

De
vi

at
io

n 
an

gl
e 

0° 0.28 0.33 0.37 0.42 0.46 0.55 0.64 
480 557 634 712 789 942 1095 

2.5° 
0.37 0.41 0.46 0.50 0.55 0.64 0.73 
622 699 777 854 931 1085 1237 

5° 0.45 0.49 0.54 0.59 0.63 0.72 0.81 
763 840 918 995 1073 1227 1380 

7.5° 
0.53 0.58 0.62 0.67 0.71 0.80 0.89 
902 980 1057 1135 1213 1367 1521 

10° 0.61 0.66 0.70 0.75 0.79 0.89 0.98 
1038 1116 1194 1272 1350 1506 1660 

 
 
Table 13 – Ratios of the radius of the effect zone of 150 mm spherical shells to their burst height (top) 

and to their calibre (bottom) 
150 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

De
vi

at
io

n 
an

gl
e 

0° 0.45 0.49 0.53 0.57 0.61 0.69 0.76 
680 740 800 859 919 1038 1157 

2.5° 
0.53 0.57 0.61 0.65 0.69 0.77 0.85 
806 866 926 986 1045 1164 1283 

5° 0.62 0.66 0.69 0.73 0.77 0.85 0.93 
931 991 1051 1111 1171 1290 1409 

7.5° 0.70 0.74 0.78 0.82 0.86 0.94 1.01 
1055 1115 1175 1235 1295 1415 1535 

10° 0.78 0.82 0.86 0.90 0.94 1.02 1.10 
1176 1236 1297 1357 1417 1538 1658 

 
 
Table 14 – Ratios of the radius of the effect zone of 200 mm spherical shells to their burst height (top) 

and to their calibre (bottom) 
200 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

De
vi

at
io

n 
an

gl
e 

0° 0.39 0.42 0.46 0.49 0.53 0.59 0.66 
570 620 670 719 769 868 967 

2.5° 
0.47 0.51 0.54 0.58 0.61 0.68 0.75 
693 743 793 843 892 992 1090 

5° 0.56 0.59 0.63 0.66 0.70 0.76 0.83 
815 865 915 965 1015 1114 1214 

7.5° 0.64 0.68 0.71 0.74 0.78 0.85 0.91 
936 986 1036 1086 1136 1236 1336 

10° 0.72 0.76 0.79 0.83 0.86 0.93 1.00 
1053 1104 1154 1205 1255 1356 1456 
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Such definition leads to the following formula, we may call the “1000 times rule”: 
 

"Standard"	safety	distance	(metres) = 1000	x	Calibre	(in	metres) 
 
to be applied with complete confidence for wind speeds smaller than 7.5 m/s (27 km/h or 
14.5 kts) and deviation angles of mortars smaller than 5° (e.g. 35 mm of deviation at the top 
of a 400 mm long mortar). 
 
 
 

DISCUSSION 
 

Indeed, because this formula results from calculations that were made in the very worst cases 
in terms of burst height and trajectory fuse duration, it overestimates the safety distance for 
aerial shells that burst earlier and at much lower altitudes. So, while it may be applicable by 
default in the labelling of shells, it must not be mandatory at the real firing place in the real 
conditions of firing. 
 
As written on the label of firework articles according to the European standards3, “Minimum 
safety distances (have) to be determined by users using supplied product data” and such data 
must also be displayed on the labels. Consequently, the “standard” safety distance is 
indicative, but – at the firing place – it must not be systematically applied. Skilled 
professional users – “persons with specialist knowledge” according to the European Directive 
2013/29/EU1 – must have the capacity and means to determine the safety distances from the 
performance data that are displayed on the label. Of course they may use the “standard” 
safety distance as a simple but pessimistic way to prepare their show, provided that these 
“standard” safety distances are not smaller than those they must determine from supplied 
data, e.g. if they want to tilt some mortars by more than 5° from the vertical to obtain special 
artistic patterns in the air. 
 
A rule, still applied in France, hereafter called the “80% rule”, states that the minimum safety 
distance must be equal to 0.8 times the burst (of effect) height. Similar rules exist in other 
countries with the same or close values of the multiplicative coefficient. Such rules lead to 
larger values than those that result from the above definition of the safety distance which, as 
can be noticed on the above tables, would imply a multiplicative coefficient of 0.6 to 0.7. But 
are they based on the same understanding of the safety distance? 
 
Let us consider a shell that does not burst on its trajectory, hits the ground and functions at 
impact. The corresponding minimum safety distance should be higher or equal to the distance 
at which the shell hits the ground, increased by the radius of principal effect of the shell. 
Calculations of such safety distance were made by Lacroix: Table 15 give the values of the 
ratio of these safety distances to the burst height that were obtained. 
 
From those values, it appears that “80% rule” is not suitable to determine the minimum safety 
distances in the case where it must be understood to cover the case of black shells functioning 
at impact on the ground, as long as we consider wind speeds smaller than 7.5 m/s and 
deviation angles of mortars smaller than 5°. A “100% or 110% rule” would be more 
appropriate. Such rule might be used by persons with specialist knowledge on some specific 
firing places where no other techniques can be used to reduce the safety distance in real 
conditions of firing. 
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Table 15 – Calculated ratios of the impact distance of a black shell, increased by the radius of principal 
effect, to the expected bust height (75, 100, 150 and 200 mm spherical shells) 

 

75 mm Wind speed (m/s) 

  
0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 

0° 0.29 0.48 0.67 0.86 1.05 1.43 1.81 
0.29 0.44 0.60 0.75 0.90 1.21 1.52 

2.5° 0.42 0.61 0.80 0.99 1.18 1.55 1.93 
0.44 0.59 0.75 0.90 1.05 1.35 1.66 

5° 0.54 0.73 0.92 1.11 1.30 1.68 2.06 
0.59 0.74 0.89 1.04 1.20 1.50 1.80 

7.5° 0.67 0.86 1.05 1.24 1.42 1.80 2.18 
0.73 0.88 1.04 1.19 1.34 1.64 1.95 

10° 0.78 0.97 1.16 1.35 1.54 1.92 2.30 
0.86 1.02 1.18 1.33 1.48 1.79 2.09 

        
100 mm 0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 

0° 0.28 0.46 0.63 0.80 0.98 1.33 1.67 
0.28 0.40 0.52 0.64 0.77 1.01 1.26 

2.5° 0.40 0.57 0.75 0.92 1.10 1.44 1.79 
0.44 0.56 0.68 0.80 0.92 1.16 1.40 

5° 0.52 0.69 0.87 1.04 1.21 1.56 1.91 
0.59 0.71 0.83 0.95 1.07 1.31 1.55 

7.5° 0.63 0.81 0.98 1.15 1.33 1.68 2.03 
0.73 0.86 0.98 1.10 1.22 1.46 1.70 

10° 0.74 0.92 1.09 1.26 1.44 1.79 2.14 
0.88 1.00 1.12 1.25 1.37 1.61 1.85 

        
150 mm 0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 

0° 0.45 0.58 0.71 0.84 0.98 1.24 1.50 
0.45 0.54 0.64 0.74 0.83 1.03 1.22 

2.5° 0.54 0.67 0.80 0.94 1.07 1.33 1.59 
0.61 0.70 0.80 0.89 0.99 1.18 1.37 

5° 0.63 0.76 0.89 1.03 1.16 1.42 1.69 
0.77 0.86 0.96 1.05 1.15 1.34 1.53 

7.5° 0.72 0.85 0.98 1.12 1.25 1.51 1.78 
0.92 1.02 1.12 1.21 1.31 1.50 1.68 

10° 0.80 0.94 1.07 1.20 1.33 1.60 1.86 
1.07 1.17 1.27 1.36 1.46 1.65 1.84 

        
200 mm 0 2.5 5 7.5 10 15 20 

D
ev

ia
tio

n 
an

gl
e 

0° 0.39 0.50 0.61 0.72 0.83 1.05 1.27 
0.39 0.49 0.60 0.70 0.81 1.01 1.22 

2.5° 0.53 0.64 0.75 0.86 0.97 1.19 1.41 
0.53 0.64 0.74 0.85 0.95 1.16 1.36 

5° 0.66 0.78 0.89 1.00 1.11 1.32 1.54 
0.67 0.78 0.88 0.99 1.09 1.30 1.51 

7.5° 0.80 0.91 1.02 1.13 1.24 1.46 1.68 
0.81 0.92 1.02 1.13 1.23 1.44 1.65 

10° 0.93 1.04 1.15 1.26 1.37 1.59 1.81 
0.95 1.05 1.16 1.26 1.37 1.58 1.78 
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Depending on the reliability of local weather forecasts, namely the wind direction and speed, 
one of these alternative techniques consists to tilt the mortars by some few degrees windward. 
Figure 16 shows what would be the trajectory of a 75 mm spherical shell fired with an initial 
angle of 2.5° in the direction from which a wind of 10 m/s is blowing. 
 
In the case presented on Figure 15, tilting the mortar by 2.5° windward reduced the safety 
distance by 12 metres, that is to say 14% of its value given by the “80% rule” (85 m) from the 
value of the effect height displayed on the label (106 m). Indeed it shifted the effect zone into 
the wind by 12 metres and such shift must be taken into account by the professional users: if 
the wind stops blowing and the shell does not burst and hits the ground, the calculated 
distance of the point of impact (39 m) increased by the radius of the principal effect (34 m) 
still remains within the safety distance given by the “80% rule” or “120% rule” as well as 
within the “standard” safety distance (73 m compared to 85 m or 127 m and 75 m 
respectively). 
 
The above example shows that a skilled professional user has means to solve such problems. 

 
 
 

 
Figure 16 – Correction of the horizontal drift of 75 mm shells by tilting the mortar 

by 2.5° windward from the vertical 
 
 
It is possible to determine when the “1000 times rule” also covers the case of black shells that 
burst at impact on the ground or that of late bursts resulting from trajectory fuses which 
exhibit an abnormally slow burning. Table 16 shows the values of wind speeds and deviation 
angles of mortars below which the “1000 times” rule is valid. 
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Table 16 – Calculated impact distance of a black shell, increased by the radius of principal effect 
(75, 100, 150 and 200 mm spherical shells) 

 
75 mm Wind speed (m/s)   100 mm Wind speed (m/s) 

  
0 2.5 5 7.5 

   
0 2.5 5 7.5 

De
vi

at
io

n 
 

0° 36.00 59.27 82.54 105.82 
 

De
vi

at
io

n 
 

0° 48.00 77.57 107.14 136.70 
2.5° 51.55 74.85 98.12 121.38 

 
2.5° 68.12 97.71 127.29 156.87 

5° 66.87 90.21 113.53 136.83 
 

5° 87.95 117.55 147.17 176.78 

             150 mm Wind speed (m/s)   200 mm Wind speed (m/s) 

  
0 2.5 5 7.5 

   
0 2.5 5 7.5 

De
vi

at
io

n 
 

0° 102.00 131.88 161.76 191.63 
 

De
vi

at
io

n 
 

0° 114.00 146.04 178.10 210.17 
2.5° 122.79 152.69 182.60 212.50 

 
2.5° 154.35 186.45 218.51 250.54 

5° 143.28 173.21 203.15 233.03 
 

5° 194.07 226.31 258.50 290.63 
 
 

According to the values of Table 16, another understanding of the “standard” safety distance 
would then be the minimum distance between the firing place and the public which assures 
its safety when a dark shell fired from a mortar that does not deviate from the vertical by 
more than 2.5°, hits the ground and bursts at impact in calm atmosphere (wind speed smaller 
than 2.5 m/s). This understanding may be preferred by governmental authorities. 
 
 
 

CONCLUSION 
 
The above study is an attempt to give a justified answer to the French legal obligation to 
display a minimum safety distance on the label of fireworks of Category F4. It aims to 
propose a new rule to determine the “standard” safety distances which would replace the rule 
which is still applied until a better one is adopted and requires that the displayed “standard” 
safety distance is equal to “800 times the calibre or 0.8 times the mean effect height. 
whichever is the largest”. In most cases, it is the second figure which is the largest and is then 
displayed on the current labels of fireworks that are sold on the French market. 
 
As shown by the present study, contrary to what might have been thought by users, this 
requirement does not cover the case of black shells and late bursts. 
 
The original idea was to promote a modification of the existing rule which would favor the 
link with the shell calibre so that the “standard” safety distance would be common for most of 
the aerial shells of same calibre. A first step was to agree to a definition of that “standard” 
safety distance and it was chosen to follow the same approach as adopted for consumer 
fireworks for which it is assumed they function correctly and a unique safety distance is 
defined for each category. It would extrapolate, in some way, a continuous understanding of 
safety distances between consumer (Categories F1. F2 and F3) and professional (Category 
F4) fireworks. 
 
The above study tends to demonstrate that it is possible to define a unique “standard” safety 
distance for all aerial shells of same calibre. An operative evaluation of such “standard” 
safety distance could be 1000 times the calibre of the shells, provided that the wind blows at 
less than 7.5 m/s and the mortars do not deviate from the vertical by more than 5° in the 
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direction of the wind. Such safety distance is a global majorant for the whole family of shells 
of given calibre and, indeed, it overestimates, often significantly, the safety distances that 
could be determined for each shell considered separately. However, it might present the 
advantage of solving easily the case where various types of aerial shells of the same calibre 
are placed in the same clusters of mortars. 
 
It must be kept in mind that its definition is based on the assumption that the shell will always 
burst at the correct time after ignition of its lift charge, determined by the duration of its 
trajectory fuse. However, it is possible to give another interpretation of the “1000 times rule” 
so that covers these two types of shell malfunction. that is as follows: 
 
The “standard” safety distance is the minimum distance between the firing place and the 
public which assures its safety when a dark shell fired from a mortar that does not deviate 
from the vertical by more than 2.5° hits the ground and bursts at impact in calm atmosphere 
(wind speed smaller than 2.5 m/s). 
 
Because professional fireworks present a high hazard, the cases of late burst of aerial shells 
after the apogee or at impact on the ground may not always be excluded for the determination 
of safety distances in real conditions of firing. Consequently, the best approach consists, as 
written on the label of aerial shells, in the calculation of the minimum safety distances by 
users using the product data, mainly the effect height, which is also displayed on the same 
label. 
 
In most cases, keeping in mind all the margins that were taken in the calculations that led to 
the values displayed on Table 15, the “100% rule” – stating that the minimum safety distance 
is equal to the effect (or burst) height – seems to give good estimates when the wind blows at 
less than 7.5 m/s and the mortars are not tilted by more than 5° from the vertical in the 
direction of the wind. The “80% rule” works well as an alternative when the wind speed does 
not exceed 5 m/s and care is taken in controlling the deviation of mortars from the vertical so 
that the corresponding angle is smaller than 2.5° in the direction of the wind. 
 
Of course, skilled professional users, having specialist knowledge, may intentionally adopt 
specific measures to reduce the minimum safety distance of aerial shells in the direction of 
the audience. e.g. tilting the mortars by some few degrees from the vertical in the direction 
from which the wind is forecast to blow. Indeed they will know that such reduction in one 
direction may result in an increase of the safety distance in the opposite direction by the same 
quantity and take corresponding precautions. 
 
Charts may be made available to professional users to determine coefficients to be applied to 
the safety distances determined according to the “100% rule” (and the “standard” safety 
distances) when the wind blows or is expected to blow at more than 7.5 m/s (or 2.5 m/s) 
and/or when the mortars are intentionally tilted by more than 5° (or 2.5°) from the vertical. 
All the more, specific software running on laptops (e.g. Shellcalc ©8), cellular phones or even 
on electronic firing systems may be proposed on the market to professional users, giving 
them the possibility to solve most of the situations they may meet at the firing place. 
 
Lastly, when the fireworks that are used for a given show have a high quality level and then 
function reliably within their performance specifications, a “60 or 70% rule” may be applied 
in the determination of safety distances. However, it must be reminded that a reliability level 
of 100% never exists and the application of such rule instead of other precautions does not 
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eliminate the residual and although very low risk of occurrence of damages and injuries 
caused by dark shells or late bursts. 
 
It must also be reminded that all the above “N% rules” include the dispersion of ±30% 
around the effect height which is accepted by the European standard EN 16261-27 in batch 
tests. 
 
 

NOTE 
 
The numerical values which are displayed in the various tables of the present paper are 
indeed approximations of the real values that could be measured on real firings. Although the 
software which calculated them was corrected to match experimental data, it is based on 
simple equations and aerodynamic assumptions that were found to be realistic but not 
rigorously proved. In a further step, the above study will be updated by comparison with 
values given by more sophisticated software and measured during a specially designed 
program of ballistic tests. 
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ABSTRACT 
 
After brief introduction of SFEPA (SFEPA stands for “French Explosives and Pyrotechnics 
Manufacturers Union”)  and the domestic market on Pyroshows, the paper will focus on the 
main requirements to be achieved in order to implement Fireworks in France. Such 
requirements were issued by the French Administration as updated legal documents in 2010. 
 
SFEPA members were associated to the final writing of such documents and have currently 
experienced a five year implementation. 
 
This paper presents: 
 

 Fireworks types authorized and main milestones to CE type only 
 Legal pyroshow definition  
 Respective responsibilities between those who organize and those who implement  
 Temporary storage conditions before implementation according to total NEC  
 Facilities design or position requirements for temporary storage. 
 Pyroshow declaration document to administration services  
 Mandatory Form to be used and annexes to provide such as lay-out defining firing 

area and safety distance to general public  
 Safety distances determination ( separate devoted paper planned)  
 Main safety rules for installation and firing 

 
Finally the paper presents training conditions and mandatory skills for persons who 
implement fireworks: training process, training schools official agreement, individual 
certificate and validity duration. Permanent practices requirements. France methodology to 
recognize individual certificates delivered in other EC countries. 
 
This presentation is also intended to create opportunities of comparative experiences 
presentations among attendees and discussions on similar or different requirements in several 
countries. 
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INTRODUCTION 
 
SFEPA (Syndicat des Fabricants d’Explosifs, de Pyrotechnie et d’Artifices) is the French 
federation of industrialists (manufacturers and importers) which carry out activities in the 
field of explosives, propellants and pyrotechnics (including fireworks). 
 
It has an official status according to the French law and represents its members in all relations 
with public or private entities such as national and foreign ministries and governmental 
agencies, the European Commission, standardization bodies, other foreign federations of 
industrialists, etc. Its main activities deal with the following objectives: 
 

 Promotion of the professional activities in the field of explosives, propellant and 
pyrotechnics, for civilian and/or military uses, with a special view on quality, safety 
and environmental protection, 

 Participation to the preparation of new regulations and standards as acknowledged 
experts in this field of explosives, propellant and pyrotechnics, at the national and 
international level, 

 Providing of legal, technical and commercial expertise to each of its members, 
 Encouraging exchanges between its members on topics of mutual interest through 

working groups (one of them deals with fireworks), 
 Development of the best practices in technical, industrial and commercial activities to 

prevent from accidents and promote fair competition between its members (SFEPA 
published the first edition of its “Guidelines for best practices” in 2009 and a second 
edition was made available in 2015). 

 
The main French manufacturers and importers of fireworks are members of SFEPA. They 
meet periodically as a subgroup to exchange information on various topics such as possible 
difficulties in the application of recent laws, quality of imported products, accidents which 
involve pyrotechnic mixtures, preparation of European standards, etc. 
 
SFEPA has a website at www.sfepa.com. 
 
In France, about 17 000 firework shows are organized every year. The French indicate that 
60% of them are shot on the 13th and 14th of July (Bastille Day). They are submitted to 
various regulations which have been updated in 2010 and deal with the preparation and 
execution of firework shows, but also with the storage of fireworks before they are set up at 
the firing place and with the training of artificers in charge of these shows. SFEPA members 
were associated with the final writing of these regulations and have currently experienced a 
five year implementation of their updated version. 
 
 

THE REGULATORY PRINCIPLES 
 

The main regulatory texts are the “Décret 2010-580”1 and the “Arrêté of 31 May 2010”2. 
These texts are updates of the previous regulations according to the requirements of the 
European Directive 2007/23/EC on the placing on the market of pyrotechnic articles3 and its 
recast version, the European Directive 2013/29/EU on the harmonization of the laws of the 
Member States relating to the making available on the market of pyrotechnic articles4. 
 
They deal especially with the following points: 
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 What is a ‘pyro show’, 
 The different phases of a ‘pyro show’, 
 The measures to be complied with for temporary storage of pyrotechnic products 

before the ‘pyro show’, 
 The respective responsibilities of the organizer and the artificer in charge of the 

preparation and execution of the ‘pyro show’, 
 The obligations and procedures to be fulfilled to declare the ‘pyro shows’ to the 

French administration and the content of the ‘dossiers de declaration’ (preliminary 
declaration documentation), 

 The qualifications and agreement conditions of the artificers who handle and set up 
the pyrotechnic articles. 

 
These very specific different aspects are presented in detail in the next sections. 
 
 

DEFINITION OF A ‘PYRO SHOW’ 
 

The firing of fireworks and of theatrical pyrotechnic articles in front of spectators is qualified 
as a ‘pyro show’ by the regulatory texts if the following conditions are fulfilled: 
 

 The total net explosive content (NEC) of articles classed in categories F2, F3 or T1 
exceeds 35 kg, 

 At least one article of categories F4 (or K4 according to the previous French 
categorization) or T2 is to be shot during the show. 

 
The next sections will only focus on ‘pyro shows’ which are not fired in theaters or similar 
stage events. 
 
 

TEMPORARY STORAGE 
 

According to the weight and the types of fireworks to be shot during the ‘pyro show’, the 
location and the duration of their temporary storage shall comply with several rules that are 
stated by two different ministries (Ministry of Interior and Ministry of Ecology and Sustained 
Development). The first input data is the ‘equivalent weight’ of the products to be stored 
before the pyro show. This ‘equivalent weight’ is determined by means of the following 
formula: 
 

′푒푞푢푖푣푎푙푒푛푡	푤푒푖푔ℎ푡 = 	
푁퐸퐶	표푓	1.3

3 +
푁퐸퐶	표푓	1.4

4  
 
The ‘equivalent weight’ does not take into account the fireworks of hazard classes 1.1 and 1.2 
(if any) for the reasons that will be obvious when reading the following. 
 
After having calculated the ‘equivalent weight’, two cases shall be considered: 
 

 Case 1: the ‘equivalent weight’ (of fireworks of hazard classes 1.3 and 1.4) is less 
than or equal to 30 kg and no products of hazard class 1.1 and 1.2 have to be stored 
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(which means that they may be sent directly to the firing place and set up without 
need of any previous temporary storage), 

 Case 2: At least one product to be stored belongs to the hazard classes 1.1 or 1.2 
and/or the ‘equivalent weight’ is larger than 30 kg. 

 
In Case 1, the particular dispositions of the Arrêté of May 31st 20102 about the temporary 
storage of fireworks shall be applied subject to the following conditions: 
 

 The place of temporary storage is located at less than 50 km from the firing place of 
the ‘pyro show’, 

 The temporary storage shall not exceed 15 days, 
 It must be located at more than 50 m from houses and more than 100 m from 

buildings, high voltage lines or radio emitters, 
 It shall not be located in a dwelling-house, a cellar or a building, 
 The storage room shall be watched all the time by a guard or by an electronic system 

capable to warn a designated supervisor, 
 The storage room is closed and is not accessible to the public, 
 The presence of fireworks is displayed on the storage door as well as the main safety 

instructions. 

In Case 2, the dispositions to be applied are the ones that are required for the permanent 
storage of pyrotechnic articles. The storage facilities are submitted to previous declaration, 
registration or authorization, depending on the quantities to be stored. 
 
The local services of the Ministry of Ecology and Sustainable Development are then charged 
to check that the requirements applicable to the construction and the location of the storage 
facilities in relation to their environment (roads, houses, schools, flats …) are complied with, 
as well as the organizational principles, the surveillance rules, the existence of the required 
hazard, safety and security analyses. The administrative process may then last from 1 day 
(declaration status), with an inspection during the first year, to more than one year 
(authorization status). 
 
 

DECLARATION OF THE SHOW 
 

The organizer of a ‘pyro show’ must declare it to the Préfet de Département (local 
representative of the French Government) and the mayor of the town where the ‘pyro show’ 
is to take place, at least one month before the date of the show, using a specific form. If the 
mayor is the organizer of the ‘pyro show’, only the declaration to the Préfet is required. The 
declaration form and its annexes peculiarly includes information relative to the practical 
arrangements for the implementation of the ‘pyro show’; the map of the firing area with 
safety distances, qualification certificate of the supervisor, the list of articles (category, 
certification number, caliber, etc.), certificate of insurance of the artificer or the firm which 
employs him and the storage conditions of the articles before the show. If the installation of 
the fireworks is carried out at a different location from the firing area of the show (e.g. when 
the show is to be fired on a river from a barge and is then prepared at a distance along a quay, 
a pontoon or a pier) a declaration must be made for each location. Within 8 days after the 
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show, the detailed list of all the persons who participated to the installation and firing of the 
fireworks must be sent to the Préfet by the mayor or the service provider who made the show. 
 
 

SAFETY RULES OF THE SHOW 
 

The execution of the ‘pyro shows’ must comply with some preliminary safety rules. The map 
of the firing area is drawn up by the supervisor of the ‘pyro show’. This map must identify 
precisely this area, the access to which is prohibited to the public at any time before and 
during the show. This area is defined on the basis of the safety distances which are calculated 
by the supervisor of the ‘pyro show’ on the basis of his expertise and qualification as ‘person 
with specialist knowledge’. In France, the national regulation imposes that an indicative 
‘standard safety distance’ is displayed on the label of all fireworks. Such ‘standard safety 
distance’ does not replace the obligation that is made for the supervisor to determine the ‘real 
safety distance’ that must be applied in the real conditions of firing (wing speed, possible tilt 
of mortars, natural protections, etc.) 
 
 

TRAINING AND QUALIFICATION OF ARTIFICERS 
 

The national regulation differentiates two levels of qualification of artificers for pyro shows 
which contain at least one article of category F4: N1 and N2. The level N1 is required for 
shows which only contain only articles the NEC of which is smaller than 500 g, aerial 
maroons of caliber smaller than 50 mm and aerial shells of caliber smaller than 105 mm. The 
level N2 allows the firing every kind of show. The qualification is delivered at the end of a 
training course in a certified training center. The training duration is at least 2 days for the N1 
level and 5 days for the N2 level. The qualification certificate remains valid during 5 years 
for the level N1 and 2 years for the level N2. The qualification can be extended without any 
new training if the artificer has participated to at least 3 shows during his qualification period. 
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ABSTRACT 
 
Although an expression of festivities, fireworks are not devoid of risks! To target this issue, 
the Office for Analysis of Industrial Risks and Pollutions (Bureau d’Analyse des Risques et 
Pollutions Industriels or “BARPI”), entity of the French Ministry of Sustainable 
Development, analysed lessons learnt from accidents involving fireworks in France and in the 
world. 
 
Lately, technical improvements, the enforcement of strict regulatory requirements, along with 
the incorporation of lessons learnt from past events within organisations, have led to 
mitigating the human consequences and materiel damages from accidents. However, 
accidents with very heavy human toll still occur. 
 
The analysis provided in this article relies on a selection of 322 accidents (104 in France, 218 
in other countries) extracted from the “ARIA1” database managed by the BARPI. For each 
stage of the process (manufacturing, storage, use, transport and disposal of fireworks), this 
article analyses the major causes involved in the accidents and provides some 
recommendations. 
 
Amongst other lessons, attention is pointed to the frequent implication of human and 
organisational breakdowns in the occurrence of accidents. Indeed, the risks tied to fireworks 
require a management system designed for the specific hazards associated with each stage of 
the process. Such a system implies a rigorous organisation and the heavy involvement of 
facility executives. 
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INTRODUCTION 
 
As an expression of festivities, fireworks must however not be perceived as inoffensive or 
devoid of risks. Fired for hundreds of years, some fireworks today can be directly used by the 
general public, which has given rise to the need for both intrinsically safe products and a 
minimum level of user precaution. The commercial appeal of this type of activity draws 
many individuals into this field, yet for some of them, without possessing sufficient 
knowledge of both the risks incurred when using such products and the regulatory 
framework. 
 
The analysis of lessons learnt from accidents has often been the trigger of improvements in 
the regulatory requirements applicable to fireworks. This has for example been the case after 
the Enschede accident in the Netherlands in 2000 (modifications brought to the Dutch and to 
the European regulations) or after the Carmel accident in Australia in 2002. 
 
Detailed studies focusing on some emblematic accident cases have already been conducted 
for such purpose2,3. With the present article, the objective of the French Office for Analysis 
of Industrial Risks and Pollutions was, rather than focusing on only a few examples, to give a 
global overview of accidentology in this sector. Relying on information gathered in its ARIA1 
database, comprising summaries from over 46,000 accidents, of which more than 300 
accidents relate to fireworks activities, this article aims at giving a panorama on this topic. 
For each stage of the process (manufacturing, storage, use, transport and disposal of 
fireworks), the article analyses the major causes involved in the accidents and provides some 
recommendations.  
 
 

APPROACH/METHOD 
 
The present article relies on the analysis of a sample of accidents extracted from the ARIA1 
accident database. 
 
The ARIA database 
The ARIA1 (analysis, research and information on accidents) database, operated by the 
French Ministry of Ecology, Sustainable Development and Energy, lists the accidental events 
which have, or could have damaged health or public safety, agriculture, nature or the 
environment. These events are mainly caused by industrial or agricultural facilities that have 
been or are likely to be classified as hazardous, but also by transportation of hazardous 
materials and other events with lessons that also apply in this context. The listing of 
accidents, together with their analysis, has been in place since 1992. 
 
To date, this database gathers over 46,000 accidents and incidents, of which about 38,000 
occurred in France. Foreign accidents are selected depending on the seriousness of their 
consequences or their value in terms of experience feedback. 
 
Since June 2001, the website www.aria.developpement-durable.gouv.fr makes this 
information available to professionals as well as the general public. The main sections of the 
website are presented both in French and English. 
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The considered accident sample 
A selection of 322 accidents (104 in France, 218 in other countries) has been studied. These 
events took place between 1866 and 2015. Indeed, even if information collection has been 
practiced since 1992 (upon the creation of the ARIA database), some 30 prior events could 
also be recorded thanks to information gathered over many years by France’s Armament 
Inspectorate for Powders and Explosives (IPE). In most cases, the selected French accidents 
involving fireworks take place in so-called “classified installations”. These industrial 
facilities fall under the scope of the French legislation on “Classified Installations for the 
Protection of the Environment”.  
 
The ARIA1 database does not pretend to be exhaustive as some events related to fireworks 
(e.g. accidents during use by the general public) are not included. Besides, as pointed out 
above, the ARIA1 database compiles few accidents that occurred outside France. The 
fireworks-related events identified from the database are thus not quantitatively 
representative of the numerous events related in the international press, especially occurring 
in the producing countries. This article is therefore not intended to provide statistical 
analyses. In the first section of this document, a few key figures will however be provided 
regarding the French accidents, as a global introduction. In the five following sections, 
lessons learnt about risks inherent to fireworks manufacturing, storage, transport, use and 
disposal will be detailed and illustrated by several examples taking place in France as well as 
in other countries. 
 
The complete list of summaries of all 322 events, occurring through January 31st, 2015, used 
to base this study is available on www.aria.developpement-durable.gouv.fr under the heading 
«Analyses and feedback»4. The ARIA reference numbers included in the text of this article 
correspond to a non-exhaustive selection of illustrating accidents. The summaries of 
accidents with an underlined ARIA number are either provided in the Appendix or discussed 
in a more abridged manner in the inserts. The summaries are provided together with the 
accidents’ quotation on the European scale of accidents. 
 
The European scale of industrial accidents 
 
The European scale of industrial accidents5 provides an indication of the seriousness of the 
accidents, following their detailed analysis. The quotation of the four criteria of the European 
scale is shown for each accident. The scale is based on 18 parameters that are grouped into 
four indices, namely:  
 

Hazardous materials released (2 parameters)  
Human and social consequences (7 parameters)  
Environmental consequences (5 parameters)  
Economic consequences (4 parameters) 

 
Figure 1 – Example of accident quotation using the European scale of industrial accidents 

 
The information used to determine the elementary level of each parameter is available on the 
website www.aria.developpement-durable.gouv.fr on the « Information Tools / European 
scale of industrial accidents » page5. 
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RESULTS 
 
French fireworks accidents at a glance 
Only 45 production-related events were recorded in the database, given that the entry of 
accidents occurring prior to 1989 had been less systematic. Regarding fireworks storage 
facilities in France, the ARIA database gathers 35 events, of which only 13 pertain to 
classified installations. As far as fireworks’ transport, use and destruction are concerned, the 
studied French accidents are respectively in the number of 6, 11 and 7. 
 
The typology of French events recorded in the fireworks activities comprises 77% fires, 51% 
explosions vs. just 8% accidental discharges of hazardous substances or pollutants (several 
typologies being possible for each individual event). As a comparison, for the entire series of 
accidents catalogued6 under the ARIA database, the division of phenomena is broken down 
as follows: 62% fire, 48% discharges of hazardous substances, and 8% explosions. The 
higher proportion of explosions and projections in accidents involving fireworks is directly 
correlated with the composition of the products under consideration, whose inherent reactive 
nature is searched as such. 
 
The pyrotechnics industry dates back a long time, as the utilization of powder resources was 
already commonplace a few centuries ago. Since the lessons learnt from explosions in Paris 
in 1794 (the Grenelle gunpowder factory, 1,000 deaths) and in 1866 (ARIA 39303, fireworks 
workshop, 23 deaths), France’s pyrotechnic sites known to the authorities remain relatively 
isolated from dwellings or other businesses, due in particular to strict regulatory 
requirements. This yields a positive consequence, in that accidental damage remains limited 
in most cases nowadays to the facility itself. With respect to “classified facilities”, 3 cases of 
broken windows outside the site boundary have been reported from among the 104 total 
accidents for the country; 5 other cases have involved depots failing to comply with current 
regulations. 
 
Technical trends, along with the regular incorporation of feedback within organizations, has 
led to mitigating the human consequences and undoubtedly internal property damage as well, 
since property loss seems to be more consistently confined to the workstation, or eventually 
the building, but rarely beyond. 
 
The characteristics of accident causes will be detailed in the following sections. However, the 
following figures help to serve as an introduction: 
 

 Equipment deficiencies account for 37% of the accidents considered in the sample.  
 The works / maintenance set of circumstances represent 10% of accidents. This 

category often refers to insufficient cleaning prior to performing work, in some 
instances associated with either a lack of subcontractor supervision (ARIA 4936, 
5843, 22852) or the ignition of accumulated dust during cleaning phases (ARIA 
15029, 21310, 37039). 

 Human and organisational breakdowns have appeared in nearly 65% of the studied 
accidents, namely: individual handling error or inappropriate action, loss of vigilance, 
overzealousness, in addition to inaccurate guidelines or non-existent protocols, lack of 
adequate ergonomics, missing verifications. 

 External aggressions (lightning, wind, extremely high temperatures) were either fully 
or partially responsible for 2 of the inventoried 104 accidents: ARIA 39303 and 
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29548. The presence of rodents caused another accident (ARIA 4534: package 
dropped due to rodents). 

 Fireworks are capable of generating domino effects (fires) due to ignited projectiles 
(ARIA 384, 4534, 7181, 28480, 32509, 36014, 38267…). 

 
Accidents related to fireworks production 
Since the 1990’s, a large share of fireworks production has been outsourced first to India then 
China, countries where high numbers of accidents are recorded, sometimes with very heavy 
human toll. Although this firework activity seems traditional in those countries - and maybe 
partly because of that - the accidents highlight serious lack in safety conditions and worker 
protections. Several illegal workshops or installations do not even comply with basic good 
practices standards (ARIA 38814). The lack of detailed information on these cases rarely 
allows drawing any constructive feedback. 
 
In developed countries, the severity of accidents has been decreasing thanks to developments 
since the 1980’s of risk prevention methods and enhanced worker protection. However, 
several fatal accidents were recorded in facilities not having been granted the requisite 
authorisations and failing to comply with minimum safety rules, notably the ban on loading 
fireworks adjacent to their stockpile (ARIA 11736, 13371, 20825…). The most recent French 
fatality in a classified fireworks production facility dates back to 2004 (ARIA 27249). 
 
The manufacturing steps, especially assembly (compression, etc.) or connection, constitute a 
critical phase and one that is difficult to automate. Technicians thus come into contact with 
hazardous substances, which increases the risk of possible human consequences. The 
appropriate design of workstations, through application of a work safety study approach, the 
presence of protection elements (e.g. screens) and the wearing of individual protective gear, 
has become essential. 
 
It would be useful to provide an optimal characterisation of all product-related risks 
encompassing all configurations (manufacturing, storage, transport), with special attention 
paid to the intermediate products generated during the manufacturing process. A knowledge 
of material characteristics includes its sensitivity to aggressions such as shock, friction, static 
electricity, chemical incompatibilities (ARIA 22843, 36509, 37097, 37060), alongside an 
evaluation of potential effects (ARIA 37058, 37097, 38267). An exhaustive risk analysis 
should serve to identify those aggressions capable of being encountered during normal 
operating situations, as well as in degraded situations, in order to adapt workstations, their 
tooling and protection, in addition to managing eventual joint activities, notably through 
limiting the risk of transmission from one workstation to the next and facilitating personnel 
evacuation (ARIA 383, 521…). Also, any modification brought to a process should be 
preceded by a dedicated risk assessment. 
 
Tooling is to be adapted to the greatest extent possible by acknowledging preventive or 
remedial maintenance efforts as distinct from production activities (ARIA 22851, 37084). It 
is important for all equipment to be designed so as to facilitate regular maintenance 
operations, including: cleaning (using adapted materials, without hidden corners where dust 
can accumulate, etc.), adjustments (accessibility, adequate tools for making adjustments), 
inspections, and lubrication. Ideally speaking, the tools implemented should be dedicated to 
just a single product (or family of products) so as to avoid introducing impurities or chemical 
contamination (ARIA 6819, 7181).  
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Building design and location on a given site and relative to adjacent land uses plays a 
predominant role in limiting the consequences due to an accident (ARIA 36014, 37949). In 
contrast, premises that are poorly designed, shoddily built or located in populated areas all 
constitute aggravating factors: ARIA 4936, 5118, 20825…  
 
Both the operating conditions and quantities of hazardous products present in manufacturing 
plants and warehouses need to be managed rigorously. Several accidents have been 
exacerbated by exceeding the quantity thresholds authorised for the workstation and in 
intermediate or final storage (ARIA 22845, 24429, 36014, 37473, 38267, 39223), due to a 
lack of cleanliness or unclean state of the workstation or machines (ARIA 993, 21310, 36820, 
37066), as well as by imprecise, missing or incomplete safety guidelines (ARIA 4936, 22845, 
24545, 37114)…  
 
The proper protocol to follow when encountering a degraded situation, which must not be left 
up to technicians’ sole initiative, is to strictly apply the procedure (ARIA 5118, 36876). The 
same course of action is called for in cases of cleaning or maintenance work, whether run by 
technicians or subcontractors (ARIA 4936, 5843, 15029, 20825, 22852…). In that sense, it 
goes without saying that the operator’s appropriate training to the dangers of manipulated 
products, the production methods and the safety procedures is essential. This is illustrated by 
several examples implying unexperienced personnel (ARIA 5118, 10361).  
 
Regarding facility cleaning phases, pyrotechnic experts recall the utility of systematically 
soaking in water or an appropriate solvent any device requiring aggressive intervention; it is 
also preferable for all devices that cannot be entirely disassembled for inspection and 
cleaning to be designed without containing any confinements capable of trapping explosives. 
Otherwise, it is recommended to fill in all hollow parts with an inert product (polymer). 
 
Vigilance regarding these various points tends to wane over time and when activity peaks; for 
this reason, a regular reminder of risks intended for technicians is necessary (ARIA 383, 
7879, 37089…). 
 
 
Detailed examples 
 
 

Table 1 – Summary of accident ARIA 37066  

 

In Monteux (France), in 1988, a fire broke out during the assembly of a batch of 
fireworks. […] The operation consisted of closing the firework by a cardboard disc and 
then compressing it by means of a manual press. The fire spread to a portion of the 
elements present at the workstation. In following the protocol, the technician immediately 
left the premises and alerted emergency response teams; he was unharmed. The machinery 
on the premises was degraded. The station’s cleanliness and organisation helped limit 
the extent of damage and speed of fire spreading. The operator decided to widen the 
screens in order to improve their efficiency. 
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Table 2 – Summary of accident ARIA 24429  

 

In Kagoshima (Japan), a series of explosions followed by a fire broke out in a fireworks 
production plant located 5 km from the city centre, in a sparsely populated zone. 4 
passers-by were injured by the explosion. Among the 28 employees working at the facility 
at the time of the accident, 9 were killed and 2 injured. 
Damage was considerable […] 
According to the investigation, which was complicated by the loss of buildings and the 
deaths of employees during the accident, the initial explosion would have taken place in 
the manufacturing workshop, during loading or bundling of fireworks (initiation due 
to impact, friction or static electricity). This explosive force would then have been 
transmitted to the storage depots a few metres away (i.e. domino effect). 
The plant had been authorised to store up to 9 tonnes of black powder. Large quantities of 
explosives illegally stored onsite, specifically in the depot reserved for non-explosive raw 
materials, in intermediate storage or in the mixing workshop, exacerbated the 
consequences of this accident. 
A prior inspection had not revealed any special problems with this site. The government 
reinforced its supervisory system involving the various assigned authorities.  

 
Accidents related to fireworks storage 
A large and unrecognised proportion of accidents relate to fireworks storage in small depots7 
or placed amidst other products inside warehouses, party item stores, supermarket 
inventories, town hall basements, etc. (ARIA 13371, 14448, 17751, 19122, 29067, 31562, 
35012, 40398). These small warehouses are often set up without legal approvals: ARIA 
31562, 29067, 22747, 19122, 17751, 13371, 42355, 44227. When accident causes have been 
identified, handling errors or failure to comply with basic precautions, especially during 
fusing (ARIA 27249, 32144, 20825, 11736, 44227 etc.), has often been cited. 
 
Storage facilities, whether they are temporary while awaiting the show, intermediate during 
the manufacturing stage or for finished products, must be assigned to well-adapted spaces 
designed for this very purpose, in addition to being clean, neat and free of all combustibles 
and any other hazardous substances. Moreover, no competing activity should be permitted 
without a preliminary safety study (ARIA 11736, 19122). 
 
Much like with the manufacturing stages, strong knowledge of the products and risks is 
critical to implementing suitable and effective prevention measures relative to storage (ARIA 
3098, 18408). The risk division classification of products enables an initial selection, notably 
with respect to storage incompatibilities, yet such a selection does not always prove 
sufficient: the risk of ignited projectiles, mass fire, or even an explosion under certain 
confinement conditions (e.g. maritime containers) might enter into consideration. The 
spectacular accidents of fireworks depot containers at Enschede8,2 in 2000 (ARIA 17730) and 
Kolding9,10 in 2004 (ARIA 28480) serve as sobering illustrations. 
 
Accidents involving non-respect of products’ quantities and/or quality are encountered in 
several cases (24429, 46088…) 
 
Accidents with ignited projectiles causing fires to spread (ARIA 17730, 18408, 28480, 
32509, 36014, 46088) and/or facilitating the fire-to-explosion transition (ARIA 17730, 
18408, 22018, 23996, 28480) are not all that rare. In the event of product importation, 
extreme vigilance must be practiced on their quality and actual classification relative to 
transport or storage (underestimated classification: ARIA 17730, 22018, 28480… there has 
even been an incident of fireworks listed under the heading “plastic toys” for their transport 
in containers: ARIA 23996!). 
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As a general rule, it is recommended to handle fireworks with extreme precaution, especially 
in instances where assembly operations are being conducted as well, since assembly 
manipulations are indeed able to significantly modify initial product characteristics, 
especially their sensitivity (ARIA 8233, 27249, 44165, 46088). The same level of precaution 
is required for “ageing” products (ARIA 18408, 22832) or misfired products (ARIA 13371, 
17751, 27575). These items, particularly if they are found to be defective (i.e. «duds»), 
should not be reused but rather destroyed or at least returned to the manufacturer for disposal 
(ARIA 35168). 
 
It is also recommended to plan any building works taking place in pyrotechnic storage 
facilities and, if necessary, remove products, any potential source of ignition and packaging 
materials (paper, cardboard, wooden pallets, etc.) with strong heat-releasing capacities (ARIA 
31562, 44227). Extinction resources are to be adapted to the inherent risks and kinetics of the 
phenomena at hand; keep in mind that large quantities of water may be necessary to battle 
several fire outbreaks caused by ignited projectiles (ARIA 7181, 17730, 36014…). 
 
Detailed example  

Table 3 – Summary of accident ARIA 177308,2 

 

In the Netherlands, in 2000, a fire broke out at around 3 pm in the C2 workshop (used for 
manufacturing fireworks) at a fireworks depot. Rockets spread the fire to containers 
located just opposite the blaze. […] A very intense deflagration accompanied by a fireball 
85 m in diameter then rocked the zone. […] the central bunker violently burst, generating 
a 135-m diameter fireball along with a tremendous plume of smoke. The fire spread to a 
brewery adjoining the warehouse and nearby homes. A supermarket was razed, with a 3 to 
4-ha zone resembling a bombarded landscape, and the site of the warehouse was replaced 
by a crater 13 m in diameter and 1.3 m deep. The force of the main explosion was 
evaluated at between 4 and 5 tonnes of TNT equivalent. The smoke column was visible 40 
km away; glass panes and store windows were blown out over a radius in the hundreds of 
metres. In all, 22 deaths were reported, including 4 fire-fighters, with 974 people hurt, 50 
of whom suffered serious injuries. Over 2,000 local residents had to be evacuated, 500 
houses were destroyed or heavily damaged. Hundreds of rescue workers were needed to 
extract the injured. Health monitoring was required in the area for several years hence. 
An investigation was conducted, but the cause of the accident could not be determined 
(malicious act? handling error? short-circuit? self-ignition?). Neither the structures nor 
containers appeared to offer sufficient protections relative to the fire and explosion 
risk; moreover, they were not or inadequately equipped with fire detection and 
extinction resources. Their layout did not respect regulatory distances. The risk 
classifications among stored products had most likely been underestimated or the 
products poorly classified (fireworks imported from China). […]  

 
Accidents related to fireworks transport 
The transport of fireworks may give rise to accidents, whether due to a traffic accident (ARIA 
4959 - explosion of a lorry hauling 3 tonnes of fireworks), a mechanical problem with the 
transport vehicle (brake overheating, sparks - ARIA 37689, 39295) or a product reaction, 
which is more prevalent during loading and unloading.  
 
Prior to transporting fireworks, it is recommended to adequately secure the individual items 
contained in the boxes, with their fuses protected and/or short-circuited. Lastly, it is advised 
to regularly remind technicians to handle these boxes with utmost caution, as a dropped box 
can actually cause a fire outbreak (ARIA 22516, 22517, 28480, 36670, 37120, 38295).  
 
Fireworks are pyrotechnic products that belong to the Class 1 of United Nations 
recommendations relative to the transport of hazardous substances. Their transport by road, 
rail or water is regulated. According to these rules, all fireworks being transported in France 
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must receive classification certificates (these certificates are delivered by the INERIS 
Institute, which is the competent authority in France - by delegation of the Transport of 
Dangerous Goods office - with regards to the UN recommendations on Transportation of 
Dangerous Goods (TDG)). The awarding of these certificates indicates successful trial 
outcomes and the adoption of appropriate safety measures. These rules are also valid for any 
firework imported into the country; it would be advised to run a product quality control and 
verify that the firework had been correctly classified during both the storage and transport 
phases (i.e. presence of the appropriate tags and certificates), in order to avoid «bad 
surprises» or possible risks tied to poor-quality products or products whose risk has been 
underestimated due to an unverified «seat-of-the-pants» classification (ARIA 22516, 22517). 
This issue has also been raised in the storage section of the present article.  
 
The location of the loading platform, much like the storage building location, needs to be 
further examined in order to account for the risk of spreading that exists especially when the 
ignited product is capable of being projected (ARIA 37120, refer to the chapter on storage). 
 
Detailed examples 

Table 4 – Summary of accident ARIA 4959 

 

In Etoile-sur-Rhône (France), in 1993, a Spanish lorry, travelling on France’s A7 
motorway, transporting 3 tonnes of recreational fireworks hit the road’s guardrail, ignited 
and exploded. The explosion, heard up to several kilometres away, ejected the driver’s cab 
into a field some 100 metres from the point of impact. The driver had fallen asleep at 
the wheel; his body was found a few metres further in the field. Limited traffic on the 
road at the late hour of this accident occurrence, prevented a greater number of casualties. 
The motorway remained closed throughout the emergency response. Sparks generated 
by friction from the vehicle’s trailer when slamming into the guardrail would have 
caused the fireworks being hauled to ignite.  

 
Table 5 – Summary of accident ARIA 284809,10 

 

In Denmark, in 2004, around 2 pm, inside a company storing fireworks (net weight: 300 
tonnes / gross weight: 2,000 tonnes), a fire broke out during an unloading operation on 
a 40-foot container subsequent to the mishandling of a box filled with fireworks rockets. 
The fire quickly spread within the container and to fireworks stored on pallets placed 
outside. […] Despite a few intervention difficulties (caused by smoke, noise, water supply 
interruptions, a defective nearby hydrant), fire-fighters were able to cool the closed 
fireworks containers stored adjacent to the ignited containers. An explosion occurred at 
3:25 pm, killing one of the fire-fighters and injuring 7 others. Three additional explosions 
occurred at 5:45 pm.  
The nearly nonstop explosions of fireworks lit the sky until the evening. The fire, which 
had been releasing a thick smoke, was only contained 2 days later. […]Offsite property 
damage was estimated at €100 million.  
The violent explosions of fireworks were surprising in that the containers were only 
filled with fireworks imported from China and therefore theoretically classified as 
1.3G (i.e. without any risk of explosion).[…]  

 
Accidents related to fireworks destruction 
As is the case with all pyrotechnic products, the destruction of fireworks (whether they are 
duds, manufacturing rejects, ageing unsold products, etc.) can prove complicated, especially 
when collecting these items from individuals. The channels available to destroy fireworks, 
which remain relatively undeveloped, will need to progress as proper disposal of these 
objects can only be performed by professionals holding the requisite credentials (classified 
facilities).  
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Many lessons and recommendations provided in the study dedicated to the destruction of 
pyrotechnic wastes11, published by BARPI in 2010, can be directly transposed to destruction 
steps involving fireworks. Attention should notably be paid to a more comprehensive 
knowledge of the wastes to be destroyed and their associated risks (ARIA 14565, 19145 - 
unfamiliarity with the risks and mixing of incompatible products, causing fire during the 
unloading of fireworks scheduled for disposal; 22518 - reaction of a photogenic compound in 
storage for 20 years), a limitation of the quantities suitable for simultaneous destruction 
(ARIA 14565, 19132 and 36349 - deflagration during fireworks destruction), and technician 
protection (ARIA 19145, 24915 - flash experienced during the destruction of firework shells). 
 
Detailed examples 
 

Table 6 – Summary of accident ARIA 24915  

 

In Méré (France), in 2002, a flash occurred while disposing of fireworks (class 1.3.G, 
containing 20-mm candles, shells, full 30-mm strikes) in a firm dedicated to destroying 
pyrotechnic products at the end of their useful life. With the oven loaded, technicians 
perceived a white lightning bolt and felt intense heat. All products present operated 
successfully. A technician was burned on his hands, face and torso despite wearing 
protective gear (gloves, goggles, fire-retardant suit) and another was slightly injured. 
Several hypotheses were forwarded, the most plausible of which points to friction created 
on the floor with a friction-sensitive pyrotechnic product.  
As for feedback from this accident, experts underlined the attention to be paid to 
operations involving the destruction of pyrotechnic products (which, by definition, 
have become degraded and more sensitive). In the case of this incident, the nearby 
presence of a water tank allowed one of the injured technicians to immerse himself, 
thus limiting the extent of his burns. Yet the technician was not wearing the anti-
static gear and safety shoes recommended in the draft safety report (not yet 
approved).  

 
 

Table 7 – Summary of accident ARIA 36349 

 

In Monteux (France), in 1995, fireworks candles exploded at the time of their destruction. 
The candles to be destroyed, measuring 30 mm, were composed of 8 «salute» displays 
with sound effects. […]  
Previous destruction operations allowed disposing of 22, then 80, candles of this type. 
On the day of the accident, 360 candles were placed in the nozzle. After ignition, 4 or 
5 volleys were fired, followed by the deflagration of the entire set, through a triggered 
activation of the «salute» displays, most likely due to the confinement created inside the 
nozzle. The quantity of material released by the blast was estimated at 25 kg, i.e. 
approximately half the initial charge.  
This accident resulted in no injuries. The nozzle was destroyed, leaving in its place a 
crater 1 m deep by 1.5 m in diameter. Concrete pieces were projected in all directions, 
including outside the designated destruction zone.  
The operator limited the quantities of candles for simultaneous destruction to 100 
candles of 30-mm dimension, or 50 candles of 45-mm dimension, or 50 candles of the 65-
mm dimension per operation. The noise effect candles will be buried directly into sand 
or else in ground devoid of materials capable of generating hazardous projections.  
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Table 8 – Summary of accident ARIA 14565 

 

In the United Kingdom, in 1998, a fire and series of explosions erupted in one of the 
country’s largest fireworks plants. Nearby houses and local businesses, including a flour 
mill, had to be evacuated. Several small explosions were spaced over a 15-minute interval, 
followed by a violent blast causing an abundance of sheet metal projections in the vicinity 
(container pieces strewn 150 m around). Window panes were shattered up to 10 miles (16 
km) away. A total of 8,200 kg of fireworks had reacted, for a TNT equivalent estimated at 
200-250 kg, given both of the craters found at the site of one of the eight 6.1-m metal 
containers placed inside the building (made of a concrete slab and brick walls). Despite 
intervention difficulties (relative to access and a thick black smoke), 35 fire-fighters were 
on the scene battling the blaze and several hours later had control over the incident. They 
found the 13 workers, who were all safe and sound, despite the intensity of the explosions.  
An investigation conducted by Britain’s Safety Authorities (HSE Office) revealed that the 
company’s safety management system was deficient: lack of employee protection, 
inability to communicate information to the proper authorities regarding explosives-
related risks, inappropriate use of buildings (including storage errors, most notably 
exceeding the quantity authorised inside a building), and the dismantling of fireworks 
(which was the operation responsible for the accident: a firework returned from a 
show was poorly disassembled, triggering its ignition). In noncompliance with the 
guideline that stipulated using a sharp knife and wood cutting board in a dedicated 
spot, the technician cut the fuses connected to the shells with a pair of scissors inside 
the storage container itself.  

 
Accidents related to fireworks use by consumers 
According to the European Commission, the number of accidents involving fireworks within 
the EU can reach upwards of 45,000 cases a year. These statistics also reveal a high number 
of injured children by fireworks subsequent to inappropriate use or malfunction12. 
 
No official statistic is kept in France regarding this specific category; however for 
information purposes, a parallel can be drawn with the situation in Belgium13 or Canada14. In 
these two countries, whose regulations are somewhat comparable to those applicable in 
France, it would appear that more than half of all accidents cause burns to the body, with 
injuries (burns or trauma) being most frequently sustained to the fingers (32%), arm (25%), 
eyes (15%) and face (13%). Some accidents cause auditory impairment, as blasts from 
fireworks can reach 160 decibels, which is 20 decibels above the maximum pain threshold. 
Moreover, in 80% of accident cases, the victim is male with nearly half of them aged between 
10 and 20. 
 
These shooting accidents tend not to enter into the ARIA database field of observation; for 
this reason, only some 30 cases (11 in France) have been extracted for illustration purposes in 
this study. These fires have been caused by a live firework falling back to the ground (ARIA 
6229, 14230, 30643) or occurred during pyrotechnic shows in injuring spectators and 
technicians (ARIA 23033, 27553, 27557, 28290, 40621). Such accidents, whose 
consequences can sometimes reach dramatic proportions, underscore the importance of 
observing required precautions, such as safety distances, when handling these products. 
 
Detailed example 

Table 9 – Summary of accident ARIA 40621 

 

In Cébazat (France), in 2011, a fireworks show started around 11 pm in the city park in 
the presence of some 1,000 spectators. Shortly after the first rockets were fired, between 5 
and 10 projectiles were propelled horizontally and exploded adjacent to where the public 
had congregated in back of the barricades just tens of metres away, creating crowd panic 
and jostling. Nine spectators, including four children, were slightly injured; […] 
The origin of these defective firings remains unknown. […]  
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DISCUSSION 
 
As illustrated by the previous sections, the importance of the human factor in the occurrence 
of a large part of accidents has to be highlighted. Indeed, in most cases, even technical 
triggering facts find their source in inappropriate human actions. These inappropriate actions 
are most frequently involuntary (errors) but they can also be voluntary (procedures and 
guidelines transgressions). Examples of both configurations can be found at each step of the 
activities involving fireworks. The recurrence of situations involving procedural non-
compliance in the fireworks industry is surprising knowing that this sector imposes lengthy 
procedures due to the potential fatal consequences for the most minor of infringements. 
Focusing on accidents involving professionals (and not non-professionals users), an analysis 
of these behaviors can be attempted.  
 
Behind the technician’s failures to do their work properly, which constitute the initial 
symptoms of the accidents, are deeper root causes. These are in most cases related to the 
working conditions he is submitted to and to the overall risk management strategy (or - lack 
of -) set up by the hierarchy and the organization he is affiliated to.   
 
Independently of punctual personal problems (illness, lack of attention…), involuntary 
procedure infringements (mistakes) are often related to insufficient training programs or to 
unclear guidelines provided to workers, as illustrated by the example below. 
 

Table 10 – Summary of accident ARIA 384 

 

6.4 kg of a pyrotechnic composition prepared during the morning were temporarily stored 
in a building at lunchtime. A very powerful explosion spontaneously occurred on this 
composition containing barium chlorate, aluminium powder and paraffin oil. The most 
likely cause of this accident was heating by means of chemical action due either to 
fouling of one of the components by impurities or to a mix design error (confusion 
between two products). The transition from combustion to an explosive state had not 
been taken into account as part of the workplace safety report. 
Since plant staff had left the site (lunchbreak), no injuries ensued. Property damage was 
extensive inside the facility: complete destruction of one building, deterioration to nine 
adjacent buildings. Sprayed debris could be observed within a 60-m radius. 
The operator proceeded by: suspending production of the composition, performing a 
series of tests on similar compositions to evaluate their likelihood of exploding, and 
revising workplace safety report conclusions. The operator also issued a set of 
guidelines: the contents of each container were to be clearly marked, and only those 
essential to the current activity could be stored inside the facility. 

 
Voluntary procedure infringements (transgressions) can, as far as they are concerned, be 
related to inappropriate procedural framework (for example burdensome procedures, made 
difficult to apply), to stressing work conditions (personnel working under pressure) and more 
globally to an insufficient risks identification in the organization. Failure to identify risks at 
the executive level, which automatically translates into insufficient training, may indeed rise 
a technician's overconfidence or lead to dangerous behaviors15. 
 
Regarding work under pressure, it is to be noted that situations involving procedural 
violations by technicians are commonly encountered during peeks of activity (e.g. every July 
for recreational fireworks manufacturers). Under such pressure to complete their work as fast 
as possible, employees can be led to act hastily and without following the full set of safety 
rules. In that sense, a bad psychosocial environment (excess workload, stress tied to extreme 
operating constraints or scheduling demands) can be a deep-rooted cause of certain 
procedural violations15. The following example illustrates this aspect: 
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Table 11 – Summary of accident ARIA 4608816 

 

In July, in Italy, a series of mass explosions occurred in a fireworks plant. 
3 operators were transferring fireworks from 2 storage buildings to a pick-up truck when 3 
explosions occurred. The 3 employees were killed and the 2 buildings destroyed. 
Firefighters were called by the inhabitants of the nearby dwellings. Despite the 
dangerousness of the zone, the company did not activate its evacuation procedure.   
40 minutes after the first explosions, a fourth explosion occurred in another storage 
building, hit by debris and flying sparks. A 4th person was killed. 
Firefighters encountered difficulties in their intervention due to the layout of the access 
ways and of the plant itself. A firefighter was hit by a projection and died 3 months later 
in the hospital. 3 workers and 5 firefighters were also injured. The emergency was 
considered concluded after 9 hours. The area was seized by the prosecuting authorities.  
The total amount of pyrotechnic substances stored in the plant was involved in mass 
explosions. Nearly all the buildings of the establishment were destroyed. The blast waves 
caused damages to several civil buildings within a 500 m radius. According to a 
preliminary evaluation, the accident caused a financial loss of about 1.5 millions euros. 
After the accident, linked fireworks bombs, already equipped with an igniter and fitted 
into mortars were discovered in the remains of the plant and in the trucks parked outside.  
Because of the dangerousness of assembled fireworks, it is however forbidden to complete 
these steps elsewhere than on the location of the pyrotechnical performance. The transfer 
operations of these very sensitive products, conducted by the workers without 
sufficient care, were the trigger of the explosions. The personnel was under heavy 
productive pressure at that period of the year. 
Besides, the quantities stored on site exceeded the authorizations. The safety distances 
planned to avoid domino effects were therefore not sufficient to avoid the propagation of 
the explosions from the first storage buildings to the others. The consequences of the 
accident were increased by defaults in plant design and emergency procedures. Non-
compliances to the regulation, which had been raised by an inspection from the control 
authority 7 months before the accident, had not been corrected. 

 
To sum up, inappropriate human actions leading to the occurrence of an accident are 
frequently associated to a lacking “safety culture” from the part of the management. This is 
pointed out in the following examples:  
 

 
Table 12 – Summary of accident ARIA 7879 

 

A fire broke out during the handling of firework stars in a production facility devoted to 
recreational fireworks. A technician was transporting a 20-kg container of stars, used to 
produce fireworks rockets, from the car into the small (6 m x 4 m) workshop. The second 
employee, on hand to assist with this handling operation, was held up on the phone. 
One of the container's 2 handles broke off, causing it to fall onto the floor. The shock due 
to this dropped container triggered ignition of the material. The fire spread to the shop, 
which was eventually destroyed in part. Seriously burned as a result of his clothes 
catching on fire, the 36-year-old technician died a few days later. 
Experts recall the hazards associated with handling tasks and the importance of 
characterising, in great depth, all products implemented during operations in order 
to understand their sensitivity to various types of aggressions. 
The judicial investigation exposed some safety shortcomings within the company, citing 
in particular: the lack of a safety plan and certified containers, noncompliant storage 
rated value, materials whose level of hazard prohibited transport and necessitated 
working with quantities of 5 kg max. The lack of any formalised training for 
technicians was also noted. The operator was sentenced on 26th January, 1998 to a fine 
of 20,000 francs and 18 months in prison with probation for manslaughter and infraction 
of regulations. 
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Table 13 – Summary of accident ARIA 5118 

 

At a pyrotechnic plant, an explosion occurred inside a (200-m²) non-pyrotechnic shop area 
during the handling of recreational fireworks. This explosion was followed by a fire that 
ravaged the entire shed facility. The investigation revealed that the onsite technician had 
been manually loading the 65-mm star shells in this shed, which was also being used to 
store combustible materials (wood, cardboard boxes, etc.). He had been working alone, 
without any supervision, and had only recently been hired by the company. During 
this handling operation, one of the products involved had reacted, causing a chain reaction 
with other products nearby. The technician, unable to flee the workspace in time, was 
burned alive. According to the initial findings, the company had failed to respect basic 
safety rules relative to a pyrotechnic activity: absence of a workplace safety report, 
lack of procedural guidelines, no personnel certification process, use of products with 
poorly-known characteristics, inadequate work environment... 

 
Table 14 – Summary of accident ARIA 37949 

 

In a fireworks production plant, an untimely trigger went off during replacement of an 
igniter on a "Bengal flame" firework. Instead of discarding it outside the building, the 
technician left the spent firework inside the building; combustion spread to other products 
present in the workshop: pyrotechnic delays, fuse under ducts, and five 75-mm shells, i.e. 
nearly 8 kg of active material. Plant personnel applied the action guidelines and 
extinguished the fire. No injuries were reported, but the building was destroyed. The fire 
did not spread to the other buildings located a sufficient distance away. 
In noncompliance with the protocol calling for this procedure to be performed on an 
external workstation, the technician-trainee was located inside the building. The 
foreman responsible for trainee supervision failed to correct the mistake and was 
subsequently fired for negligence. 

 
 
The examples above illustrate that employee’s awareness of the importance of procedural 
compliance is critical, if merely for their own safety. The organization is responsible for 
implementing the right resources to avoid these operational drifts via a multifaceted strategy, 
whereby a purely procedural and organisational dimension must be complemented by a 
robust "safety culture", i.e. raising risk awareness coupled with promoting a prudent and 
precautionary attitude in any situation on the part of employees. 
 
 
 

CONCLUSIONS 
 
Without detailing the set of regulations applicable to all pyrotechnic activities, it goes without 
saying that regulatory compliance is fundamental to ensure safety in this sector of activity. 
The regular cleaning of equipment during production, the decoupling of activities, the respect 
of maximum quantities to be stored in each depot are a few of the key safety rules. 
 
Given their extensive practice in history, fireworks offer the unique situation of imposing 
tailored prescriptions that incorporate a considerable body of feedback from accidents with 
relatively severe consequences: limitation of the number of individuals manning a 
workstation, safety distances between installations, systematic completion of safety studies, 
procedures, training. 
 
New lessons can permanently be drawn from the study of accidents. But it is clear that the 
implementation of the technical recommendations provided in this document will prove 
insufficient if not accompanied by an in-depth re-assessment regarding safety culture. 
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The risks tied to the manufacturing, storage and transport of fireworks necessitate a 
management system designed for the specific risks associated with each stage of the process. 
Such a system supposes implementing a rigorous organisation that allows for controls of the 
actual application, along with the heavy involvement of senior facility executives. Otherwise, 
history has already shown that accidents tend to severely penalise breakdowns in human 
organization. 
 
In conclusion, both retailers and individuals should be more vigilant of the best practices to 
adopt and precautions to follow when making use of these products, in order to limit bodily 
injuries - potentially very serious - when shooting off fireworks. 
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APPENDIX 
 

Table 15 – Summaries of the French accidents quoted in the text 

 

ARIA 383 - 22/03/1988 - LE GOND-PONTOUVRE 
A technician was producing red comets by applying a compressive force with a mallet in 
a mould containing a chlorate pyrotechnic composition (featuring potassium chlorate, 
strontium oxalate, aluminium, magnesium and black powder). Two other employees 
were performing different operations on the same work table. 
Excessive compression, combined with either abnormal friction or the presence of a 
foreign object, caused an explosion at the compression station, in turn leading to the 
death of the technician and serious burns to the other two workshop employees. The 
building was also damaged. 
Experts in the field point out that: 
- the compression of chlorate compositions is in fact hazardous and must be performed 
in a protected zone; 
- the sensitivity and behaviour of the products implemented must be well understood; 
- to the greatest extent possible, it is necessary to substitute hazardous compositions with 
less sensitive ones; 
- the execution of various activities on the same premises must not be undertaken 
without first adopting special measures; 
- an individual apparatus must be used to complement the technician’s protective gear; 
- technicians must be made aware on a regular basis of the risks they incur through a 
well-designed training programme. 

 

ARIA 4534 - 27/06/1993 - MAZERES 
A series of explosions occurred on a Sunday afternoon inside a pyrotechnic facility, 
when only the guardian was onsite. He sounded the alarm. 
The fire would have been ignited in warehouse D22 by the fall (most likely caused by 
rodents, whose presence had been noted in this depot) followed by the untimely 
triggering of firecracker igniters and flares. During several minutes, the fire spread to 
other igniters as well as to cardboards. After some time, the blaze reached the detonation 
fuses, which wound up exploding and forming a small crater (0.5 m diameter over a 
0.25-m depth). The products dispersed by this low-intensity explosion in turn caught on 
fire (anti-hail rocket launchers and a Class 1.1F nitrate explosive): they partially 
detonated, also forming a crater, 1.6 m in diameter by 0.25 m deep. Some 20 seconds 
later, nitrate explosives plus other explosives containing trinitrotoluene / pentolite 
detonated by domino effect, forming yet another crater (diameter : 5.4 m and depth : 
1.5 m). Such a violent explosion, whose power was estimated at 1.77 tonnes of TNT, 
blew out the metal frame of building D22. The blast effect severely damaged 2 
neighbouring warehouses (D13 and D19, separated from D22 by 60 m) and deformed 
the structure of the D19 building. Flying hot metal particles reached building D19, which 
had already lost its cladding, and triggered the powder stored inside along with the 
successive explosions of black powder crates. Depot D13 burned rather slowly, 
triggering an explosion of the signal flares. The combustion of smoke-producing 
substances released a thick black plume of smoke and formed a column that could be 
seen from Pamiers. 
The explosion, felt up to 30 km away, also damaged the site’s workshops, storage depots 
and offices. […] 
The operator modified onsite storage conditions to avoid incompatibilities between 
substances while improving management controls on stored quantities (rated value). The 
operator also reviewed building construction techniques and protections against rodent 
intrusion. The reconstruction of destroyed installations had to be submitted for a new 
approval procedure. 

 

ARIA 4936 - 15/05/1993 - BERGERAC 
In a gunpowder factory, a very intense combustion with a pressure surge effect occurred 
within a hopper containing powder. Maintenance work was ongoing: 2 workers were 
connecting by means of a copper cable the recently-installed metal sentry boxes around 
the loading hoppers of a cartridge production line («grounding» of the equipment). The 
line was shut, but sizeable quantities of powder remained both inside the hoppers (which 
had not been drained prior to the maintenance intervention) and in nearby plastic cans. 
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The perforation (by an employee using a «standard» electric drill) of the wall of the third 
sentry box caused the heating that initiated the fire. The employee was killed on the spot. 
The fire spread throughout the corridor and to both of the juxtaposed platforms, on 
which cardboard boxes, lead bags and barrels of powder had been stored. The second 
employee, who was working in the room adjacent to the powder corridor, was severely 
burned and succumbed the next day. The third technician was thrown from the first floor 
and slightly burned; he was off work for a full month. Two fire-fighters also sustained 
burns. The cartridge-filling shop and machines were partially destroyed. 
The operator stated having given a verbal order to empty the powder before starting 
these works, which however were not written up in a workplace safety report. Regular 
ongoing safety training was not being performed onsite. The construction measures 
adopted by the workshop proved ineffectual (missing or incorrect calculations): the roof 
designed to serve as an unloading surface resisted the pressure surge, which in fact 
contributed to spreading the fire to nearby powder cans. 

 

ARIA 7181 - 19/07/1995 - MAZERES 
In a pyrotechnic plant, an explosion followed by fire destroyed an 8-tonne capacity depot 
storing recreational fireworks, smoke grenades, flares and simulation fireworks. 
According to employees working nearby, a white smoke was released first, with the 
explosion occurring 20 to 30 seconds later. Coloured stars were then projected. The 
alarm was triggered and the internal emergency plan activated. A safety perimeter was 
established. Areas of fire outbreak were ignited by projectiles over a widespread area 
extending more than 1 km around the premises […]  
The initial findings of the subsequent investigation revealed a breakdown in the 
manufacturing process adopted for some of the fireworks: an uncontrolled modification 
in raw materials (due to pollution) would have altered product behaviour. A chemical 
incompatibility stemming from these anomalies wound up causing heating and ignition 
of the materials present onsite. 
As a general consideration, pyrotechnic experts advise the following: 
- compliance with basic manufacturing rules, in order to avoid pollution, e.g. dedicated 
equipment to specific product families; 
- for manufacturing purposes, only the use of products certified by the inspection 
department; 
- adoption of clear and comprehensible operating protocols; 
- systematic labelling of products, especially after any operation involving product 
splitting.[…]  

 

ARIA 19145 - 01/04/1999 - MONTEUX 
In a pyrotechnic plant, a fire broke out in the material destruction zone while unloading a 
lorry containing boxes of pyrotechnic products (fireworks and other chemical products). 
«Mad peas» firework products or chemical materials caught on fire and triggered a 
violent blaze consuming those products already placed on the slab and in the lorry. One 
employee was seriously burned and another sustained more minor injuries. The lorry, 
which had been parked near the slab and not in back of the fire resistant wall, was 
destroyed. 
Initial investigation findings included the following observations: the types of products 
being transported were poorly known and poorly catalogued. Incompatible products, like 
chemical materials and pyrotechnic devices, were able to make contact with one another. 
Similarly, products sensitive to friction or shock could have been spread on the ground, 
thereby increasing the risk of ignition by stepping on one. Moreover, the severely injured 
employee was not wearing any safety clothing. 
Pyrotechnic specialists have stressed the following recommendations: 
- the need to reduce the quantity of material to be destroyed as well as the quantity 
located within proximity of the destruction zone; 
- the benefit of keeping destruction zones cleared of materials in order to facilitate 
emergency exit paths; 
- the importance of training provided to destruction technicians (wearing of protection 
equipment, knowledge of specific risks, etc.); 
- the emphasis on efficient emergency response and communication resources. 
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ARIA 21310 - 21/06/1996 - MAZERES 
At a pyrotechnic plant, a violent explosion erupted inside a unit producing triggering 
delays for fireworks through compression. The explosion took place at the level of the 
loading machine housing, during a black powder compression phase, and was followed 
by 2 less intense bursts. The spread of debris and shattered material were noticeable. The 
technician sustained multiple injuries (thorax, forearm, face, including an eye and neck). 
Property loss was considerable […] 
The accumulation of explosive product, combined with poor positioning of the socket 
and trajectory of the piston through the delay mechanism, would have caused this 
accident (punching, thus causing a friction-rubbing contact). The violence of the 
explosion, along with an analysis of the projection paths, suggests that the black powder 
had gradually accumulated inside a cavity at the level of the clearance hole on the power 
feed system inside the machine housing (with a free air volume of 67.2 cm³). This cavity 
had not been identified as a dust trap and, as such, no guideline was issued calling for its 
periodic disassembly for cleaning. The disassembly of devices on other workstations led 
to observing a case where powder was effectively present. 
Before restarting the unit, the operator eliminated tube confinement and pyrotechnic 
powder trapping in the openings. Moreover, the operator established a general machine 
cleaning instruction sheet and revised the screen protection procedure by avoiding the 
use of metal elements as much as possible. It was also proposed to modify the pneumatic 
casings (through the use of programmable automatons?). Experts emphasised the risks of 
dust accumulation and underscored the importance of implementing appropriate cleaning 
guidelines. 

 

ARIA 22516 - 13/06/2001 - RILLIEUX-LA-PAPE 
In a storage facility dedicated to recreational fireworks, a package containing 
firecrackers (1.4G category, originating in an Asian country) fell during unloading. A 
firecracker exploded and then, one by one, the remaining firecrackers wrapped in the 
same package popped, yet without causing any splattering capable of spreading fire. The 
alarm was sounded and the personnel reacted according to the posted procedure. […] 
Based on an investigation, the products were found to be defective. A poor seal of the 
fireworks envelope led to the release of a large quantity of pyrotechnics composition, 
which then ignited subsequent to mechanical aggression during handling. 
Experts in this field have suggested strengthening quality controls as part of the product 
acceptance protocol. 

 

ARIA 22843 - 10/05/1994 - MAZERES 
In a pyrotechnic plant, the onset of fire followed by a localised blaze happened during 
the manufacturing of fireworks. Following a black powder coating operation, performed 
remotely, the products were laid out on a tray positioned on a cart for subsequent transfer 
into a drying oven. The accident occurred as the technician was setting a 5th tray onto 
the cart. He left the premises upon hearing the crackling sound of fire, which was 
followed by the actual outbreak, completed with the spraying of pieces of burning 
material. The technician suffered 1st-degree and 2nd-degree burns. The shop room and 
machinery were also damaged. 
The pyrotechnic composition treated and used to manufacture flexible stars was made 
from barium nitrate, magnesium and the chemical lucovyl. The exothermic reaction was 
due to an incompatibility, in the presence of humidity, between the pyrotechnic 
composition and sulphur contained in the black powder. Electrostatic discharge was 
another possible cause. 
Lessons drawn from this accident relate to prevention efforts focused on static electricity 
(design of a conducting can system to enable the flow of charges during the coating 
operation, plus the systematic use of metal trays for drying) and chemical incompatibility 
(use of a colour code for trays and other tools to distinguish their application; tray 
storage exclusively inside closed premises in order to avoid the presence of atmospheric 
humidity). The guidelines and operating protocols would be modified accordingly. 

 

ARIA 27249 - 01/06/2004 - VILLENEUVE-SUR-LOT 
Around 11:20 am, an explosion ripped through a building of a Seveso classified facility 
used to manufacture fireworks. Extended by an awning, the building contained 2 parts 
separated by a reinforced wall. According to the facility manager, 2 employees beneath 
the awning began assembling 60-mm fireworks shells (powder + stars in a plastic shell) 
in order to subsequently produce several candles. These stored materials, following 
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assembly in the first part of the building, were considered as belonging to Division 1.3 
(normally not leading to detonation). The building’s second part was where the filling 
step took place on shafts (composed of an alternation of shells and active material used 
for their ejection), which were then transported to another building. According to witness 
testimony, the accident occurred in two stages: an initial explosion followed shortly 
thereafter with a second, more violent explosion accompanied by thick white smoke. 
Both employees working in this building at the shell filling / assembly stations were 
killed; their bodies would be found at distances of 20 m and 25 m from their station. 
Two other employees were slightly injured (hearing disorders) in nearby buildings. The 
extent of property damage attests to the violence of this explosion […] 
Upon proposal of the inspection authorities, the Prefect issued an emergency order 
requesting: shutdown of the site’s manufacturing activities, disposal of finished products, 
restoration of the premises in order to ensure the storage of pyrotechnic substances in 
accordance with their certification stamping, and the separation of storage spaces 
between end use and intermediate products. 
Given the effects observed, this pyrotechnic material wound up detonating; the TNT 
equivalent was estimated at 15-30 kg. While the origin of the fire outbreak remained 
unknown, it could have been exacerbated by configurations prohibited inside the 
building (door separating the two premises left open with a relay effect due to the 
handling cart?). The risk introduced by products typically stored on these premises had 
been poorly evaluated (with the risk of detonation being overlooked, despite the presence 
of «bulk» storage within a confined space). 

 

ARIA 36014 - 08/08/1983 - LORIOL-DU-COMTAT 
Around 2 pm, in a fireworks production plant, a handling error (dropped material) inside 
a packaging workshop caused a «revolving sun» fireworks display to ignite. 
The technician was unable to extinguish the fire using the available extinguishers. He 
escaped the building and sounded the alarm, while incandescent projections were 
reaching the neighbouring containers. 
[…] The fire, which quickly gained in intensity, spread within 20 minutes in all 
directions, by means of rockets and ignited debris, reaching pallets of fireworks awaiting 
shipment nearby, then anti-hail rockets stored 20 m away. The successive explosions of 
anti-hail rockets in turn caused fire outbreaks inside other buildings, in addition to 
igniting onsite vegetation and a field 800 m offsite. Backup was called to help contain 
new fire outbreaks in the vicinity of the depot. 
[…] 
Powder storage areas were split into small distant structures located in a wooded zone 
that was not reached by the blaze. The high-quality site design made it possible to 
mitigate fire development and thereby avoided a more widespread accident. Nonetheless, 
due to the extreme heat, employees had opened building doors for ventilation, which in 
turn allowed flaming projections to enter into these premises and thus spread the fire to 
2.8 tonnes of fireworks. The operator wound up adopting the following measures: 
- Reinforcement of the protective features on the part most sensitive to the revolving 
fireworks ignition device, i.e. of the «hawthorn» type: a plastic design was to replace the 
brown wrapping paper; 
- Closure in the packaging centre where anti-hail rockets were being stored; this zone 
was directly responsible for the fire spreading and moreover gave rise to many secondary 
fire sources; 
- Protection of building openings by means of a grating; 
- Construction of fire walls across from buildings whenever the building orientation so 
dictated; 
- A 25-m spacing for all buildings used to store fireworks, with this distance being 
reduced should screens be installed to resist both projections and heat radiation; 
- Strengthening of operating rules in order to ensure continuous compliance with 
maximum allowable quantities in the various storage locations (even for short periods on 
intermediate storage facilities, given the risk of a relay effect); 
- The doors to intermediate storage depots were to be kept closed in the absence of 
employees.  
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ARIA 36876 - 01/06/1990  
A technician was preparing 250 g of an explosive mixture to produce firecrackers used 
as alerts by divers. At the end of the mixing process, the technician noticed the presence 
of lumps in the composition and decided to run it through a sieve. In order to streamline 
the operation, he added a porcelain bead into the composition. Turning on the sieve 
triggered the blast (friction), which ejected the technician 1.5 m. […]  
The technician’s decision to initiate an additional work step not included in the protocol 
was the cause of this accident. The operator recalled to staff the need to strictly apply 
and not deviate from the protocol. 

 

ARIA 37060 - 10/03/1988 - SAINT-PAUL-LES-DAX 
A fire broke out in an oven for drying fireworks stars at the time a technician remotely 
opened the oven doors to cool the contents. The 30 kg of composition made from barium 
chlorate, acroide gum, fine coal and sulphur were consumed by the fire, accompanied by 
projections of ignited stars. The oven was completely destroyed. This incident was the 
second in two months (see ARIA 37058) following a process modification that called for 
the reintroduction of manufacturing rejects into the normal cycle. Further testing on the 
composition revealed that this step of reintegrating manufacturing rejects into the normal 
cycle served to drop the spontaneous ignition point of the composition to 75°C, which 
was a temperature potentially reached during oven heating phase. Rejects would no 
longer be added back into the production cycle, but instead directly destroyed. Also, an 
additional safety device would be installed on the oven heating unit. 

 

ARIA 37084 - 20/10/1988 - MONTEUX 
In a pyrotechnic facility, a technician was producing fireworks (jets with coloured 
grains). After compression of the pyrotechnic composition, one of the «sticks» used as a 
punch was still stuck in the matrix. The technician used a bronze sledgehammer to 
loosen it, and in so doing triggered the composition. The fire was confined to the 
products on the particular workstation. Excessive machinery wear was found to be the 
cause. The operator produced a new set of machines and instituted a periodic equipment 
control procedure. 

 

ARIA 38267 - 12/04/1977 - MONTEUX 
In a fireworks manufacturing facility, a succession of explosions destroyed a black 
powder coating workshop and spread fire to neighbouring workshops. The building was 
completely demolished. The technician inside was killed on the spot. Another, located 
180 m from a building, was seriously burned and died at the hospital. A total of 19 
employees were injured by flying glass. […] The fall of a tray or star triggered the 
reaction, which was then exacerbated by an accumulation of chlorate products with great 
sensitivity inside the coating workshop. The rated value of the building was set at 40 kg; 
according to experts, the quantity present would have reached near 260 kg. Moreover, 
the safety organisation was shaped around the fire hazard, as the explosion risk had not 
been identified. Experts recalled the importance of detailed workplace safety reports that 
take into account the risks presented by chlorate products. They also emphasised the 
need to conduct operations on sensitive substances and split loads (decoupling) within a 
protected environment. The authorised workstation quantities must be closely respected 
and the schedule set to ensure avoiding all product accumulation. 

 

ARIA 39303 - 29/05/1866 - PARIS 
Around 5 pm, an explosion occurred inside a pyrotechnical production workshop. Fire 
spread to the adjacent charger workshop. The fire also spread to the composition 
workshop, located 7 m from the production workshop. However, 65 kg of powder, the 
entire inventory of fireworks, the fireworks colour room and other lightweight buildings 
were all spared. The press announced a total of 40 victims. The suddenness of the 
explosion, coupled with the fact that the most heavily damaged wall was the one with the 
lightning rod attached, suggested that lightning may have been at the origin of this 
catastrophe. The pyrotechnician moved his set-up outside Paris and introduced 
prevention measures : safety distance between the fireworks depot and the charger 
workshop and between the charger workshop and the colour warehouse; separation of 
production facilities from storage areas; buildings designed for rapid evacuation; heating 
by hot water circulation; lighting by lamps with reflectors positioned outside the 
workshops; protection of window surfaces (using blinds) to avoid materials heating up as 
well as malicious acts. 
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ABSTRACT 
 
When I was just a boy of eight, I used to gaze at the window dressing of the famous fireworks 
shop of our city... 
 
Though dull in colour, they were strictly ordered, by the retail dealer, as are minerals 
exhibited in some museums of geology! Each of them being labelled, beneath, with pleasant 
names beautifully written with black ink! These cardboard cartridges were all supplied with 
the necessary (but potentially fire-hazardous...) black match emerging from their choked 
ends... 
 
To the covetous looks of boys came, at first, the cylinder-shaped bangers, well lined up, and 
named, from smallest to biggest: "serpenteaux", "lardons", "sarrasins"... 
 
Then crackers of different shapes as "tied-up marroons" looking like glued string balls; and 
this bizarre accordion-pleated multishot cracker (ten shots did exist!) the name of which was 
"crapaud siffleur".... 
 
Hanged behind the dressing appeared the so expensive, bottle-shaped, firework shells, quite 
dangerous to children's hands. 
 
In front of all these objects came these smallest in size, though terrific in manual setting, the 
brown lentil-shaped "mitrailleuses" being obtained by mixing red phosphorous with 
potassium chlorate. 
 
Small white bags - "bombes algériennes" – containing fine gravel particles impregnated with 
silver azide (or fulminate)!! And so on... 
 
Detailed descriptions of the designs and making art of those exhibited firework devices will 
be presented. 
 
To conclude, poetry and humour must never be excluded when writing on such “burning” 
matters as are hand-made fireworks and their necessarily attached SAFETY!! 
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A CHILD'S RECOLLECTION 
 
Each summer, especially at the period of the “Bastille Day” (our French National Day on 
every 14th of July), I used to “push away” my good Granny, to visit the joke-shop where 
fireworks of all sorts were exhibited in its display-window. 
 
Though being eight years old, I can, till now, describe the shapes and mention the names of 
each, since the hobby of fireworks was already rooted into my mind... As says this well 
known American proverb (quoted by the magazine “American Fireworks News”): “he who 
has once smelt the smoke is ne'er ag'n free”... Indeed I had smelt it before… ! 
 
Rather than writing on types of fireworks as a whole, of this period, I prefer to describe only 
some smaller fireworks authorized by my parents. 
 
This paper brings some contribution about smaller fireworks in their style and technics of 
almost eighty years ago! 
 
Most of them disappeared from shops, streets and gardens and are, now, scarcely 
manufactured. Therefore I feel the necessity to make them live their life again, without 
omitting some personal nostalgia in their evocation. 
 
That's the reason why I intend to share with you their style and...firings!.. and the history of 
which you may know and will surely appreciate. 
 
 

DESCRIPTION OF THE FIREWORKS 
IN THE DISPLAY-WINDOW OF THE SHOP 

 
In summer, long before the Bastille Day, a great variety of shops were selling fireworks, such 
as toy-stores, five-and-ten (Bazars in French), novelty shops, joke shops and, even at the 
tobacconist's and the gunsmith's (Figure 1). 
 
My father, though he sometimes loved firing bangers, especially the biggest ones, refused to 
buy this "big bellied" cracker laid in front of me on the tobacconist's desk... on the 3rd of 
September 1939... the first day of war! 
 
As works of arts, these fireworks were sold singly, considering the costliness of hand-made 
objects, and surely, objects belonging to the Arts... 
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Figure 1 – “Visiting the joke-shop" with Granny 

 
Inside the display-window, at the first row: 
 
The "black-matched crackers" (lined up from the smallest to the biggest) 
Shape: Cardboard cartridges choked at each end, primed with the traditional black match 
(often no more than 3cm long - potential danger), glued with a paste of black powder (not 
covered with paper - no protection!...) (See Figure 2) 
 
Effect: The noise was powerful and louder [baoum!..] than those, flash-and-sound, red ones 
of today with a so sharper and deafening noise [“pète-sec” in French]. 
 
Design: 

• Biggest sizes (Single big bang): 
They were loaded with coarse grain gunpowder, the grains being very irregular in 
diameter and shape. 
 

• Smallest sizes (double effect: quick rambling and then bang) 
They were loaded first with compressed meal powder and then coarse grain 
gunpowder. 
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Names: 
 
  Approximated size (cm) 

Name (French) Inner diameter Length 

“Serpenteau” and “souris” 0,5 5 
“Lardon” 1 10 
“Sarrasin” 1,5 15 to 20  

In order to reinforce the noise, some boy-friends tied-up those “sarrasins”, similar to 
maroons. Some fired “lardons” under their shoe. 
 

 
Figure 2 – Black-matched cracker 

 
Tied up maroons1,2,3 

Beside the crackers came this undefined round-shaped, worn in paper, banger named 
“maroon” (“marron” in French). Whenever chestnuts (or maroons, the fruits) are placed into 
the fire, they "explode". The word, maroon applies therefore to this banger. 
 
A cardboard box filled with grain gunpowder is wound with strong twine and then glued on 
the outside. They are provided, on the top, with a small gerb as a delay. The whole is finally 
wrapped with paper to mask the winding [When my father bought one of them, I delicately 
and secretly half-open it to see this twining hard to the touch]. 
 
Grass hoppers1,2,3 

Beside maroons, grass hoppers were oddities and so obvious to eyes that my grandmother 
"must" buy the biggest. This accordion-like items (approaching 6 cm) jumps randomly at 
each pop (or spluttering, rather than bang) (See Figure 3). 
 
Names: 

• In French: "Pétard postillon" or "crapouillot" (Translation: "Spluttering cracker" or 
"toadlet") 

• In English: "English cracker” or “grasshopper" 
 
Design: 
It is given the shape of a folded piped match (black match in a paper tube = quick match), 
choked in the middle with a knot to delay, for a while (fraction of a second), the combustion 
progress along the match. 
 
Therefore, simply folding piped match and then tying it up induces successive bursts on each 
ligature giving rise to those splutterings. 
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Figure 3 – Grass hopper 

 
Grasshoppers of better quality necessitate grain or meal black powder in place of black 
match. 
 
History: These small devices did exist in 1630 as shown in the book of APPIER4 quoted by 
DAVIS1 (See Figure 4). They were transported in great number by rockets to make a sort of 
crackling ambience. 
 

 
Figure 4 – From APPIER4,1 (1630) 

(Grass hoppers are visible on the ground) 
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Pinwheels 
A new bizarre thing in the display-window that Granny bought (obviously! the largest 
pinwheel among the four exhibited sizes). 
 
Approaching two inches in diameter, it looked like the wheel of a scale model of car (“auto 
miniature” in French). The tire of the wheel resembled a long hard noodle coiled around a 
disc with a hole in the center in order to insert the axis of rotation, a single nail, sold with the 
item. 
 
Surprisingly, when fired, it did transform into the sun because of the diabolic rotation and the 
dense rays of scintillating sparks. 
 
Now, I attribute this sparkling effect to the well-known "glittering effect". Was this device 
loaded with such a composition? 
 
I never have met such a beautiful device (fired more than seventy-five years ago) though 
being classed as small firework!... 
 

 
Figure 5 – Pinwheel 

 
Name: 

• In French: "soleil pastille" 
• In English: "Pinwheel" or "Pastille" 

 
Design: 
Details to make pinwheels are given especially in the book of Paul TESSIER6 and later on by 
DAVIS1. LANCASTER3 insists upon difficulties encountered in:  
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1. loading those very narrow pipes (6 mm inside diameter!) with grain gunpowder, 
coarsely ground sulfur and potassium nitrate crystals; 

2. bending pipes around the disc; 
3. finding the right mixture, sufficiently vivid to cause rapid rotation but not too vivid to 

avoid explosion. 
 
Another drawback affecting the hygroscopic compositions used at this period was the 
excessive variations of air moisture inducing texture modifications of the powders. Seventy-
five years ago, I remember than several pinwheels did not rotate or exploded when fired after 
being left one month during summer holidays in a house close to the shore of a lake. 
 
On the right side of the display-window, far from the whole battery of bangers, one could 
perceive, scarcely, those small objects belonging to the art of joke. Let us them say! 
 
"Bombes algériennes"1,2 

... And more rarely named "pralines russes" (English and U.S equivalent terms: "Japanese 
torpedoes", "globe torpedoes cherry bombs", “throw downs”)) 
. 
They emit a sharp bang when thrown on the soil. 
 
They are globes (2 cm3) of twisted-up tissue-paper enclosing fine gravels, in the center of 
which a paste of glued silver fulminate was placed. Having been dried, they were transported 
and preserved amidst wood shavings in boxes. I saw such boxes at the retailer's. 
 
The silver fulminate paste must be manipulated and kept wet in order to avoid explosion of 
the sensitive dry mixture. 
 
DAVIS1 describes other sensitive materials such as mixtures of potassium chlorate with 
different fuels such as arsenic sulfide, antimony sulfide, sulfur, red phosphorus. 
 
According to Indian history, elephants were beaten up or chased with these mixtures, 
sandwiched between stones that were dropped to the ground to frighten the animals. 
 
"Devils on the walk"7 

They were small lentil-shaped objects (5 mm in diameter, 2 mm in depth), brown in color 
(the same as red phosphorus). When scraped on hard material, they jump away with crackling 
noise. The garlic odor during combustion suggests the presence of phosphorus. 
 
Due to pressure sensitivity, ARMSTRONG'S mixture (Potassium chlorate and red 
Phosphorus) might be evoked. 
 
Moreover, scraping these lentils upon surfaces gave rise to a feeble green flame (seen on the 
stricken area) followed by small bang (observation of child). Hence the periodical 
combustion as crackling effects. 
 
Now, my remembrance suggests that mixture was made of chlorate and phosphorus with a 
large excess of the latter in order to (1) render this mixture less shock and friction sensitive 
[the little pellets were sold in small boxes without further protection] and (2) to cause 
instabilities of combustion leading to the decrepitating noise. 
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A history of phosphorus containing fireworks is given by D.J. HAARMANN8 (18 patents are 
quoted from 1904 to 1937.) It is said that the first patents quoted white phosphorus instead of 
the red one (no comment!) 
 
Inside the shop were sold egg-shaped stones (previously coated with shock sensitive material) 
with the name "perpetual banger", banging when thrown on to the ground. 
 
Inspired by this model, a venerable and still-alive professor of the University of Toulouse 
invented a smart ball that exploded when rebounding in order to "wake up" his students and, 
also, colleagues during some councils at the university ! 
 
Bengal flames 
Further, exploring the display-window, was seen a series of cylindrical devices lined-up from 
the biggest to the smallest, each of them ringed in color to indicate the flame's color. The 
biggest gave red, green, white colors; the so delicate ones – blue, yellow glitter, violet – being 
designed for the smallest sizes. Due to the well-known “mass effect”, these delicate colors are 
obtained with more difficulties in the case of bigger calibers than are cylindrical stars 
designed for shells. 
 
This lining-up gathered together the different standard sizes in a wooden box in the same 
manner as brass cylindrical weights used for scales. 
 
I also remember fondly remaining articles such as roman candles and other "tubings", 
"living" at the bottom of this display-window, except for those bigger devices, the hanging-
over bottle-shaped shells, without forgetting those long-sticked flying rockets [wearing the 
noble name of “fusées d'honneur” (“salute rockets”)]. 
 
I was deprived of these two aerial species by my parents who judged them too dangerous 
gifts! 
 

GLEANING INSIDE THE SHOP 
 
... At last, Granny decided to enter this devil’s shop “in order to visit” the place. 
 
We met the merchant, same style as his window exhibition, coated with the grey blouse of the 
pen-pushers, resembling a cicerone unearthed from [it is to say!] a museum of geology. He 
wisely gave us advice like: “Where it is a black match, there is a bang! ...”. Then, he was 
holding out these “wonders of his world” of fireworks extracted from multiple drawers and 
boxes, meaning those absent in the display-window, most of them showing dangerously their 
bare black matches! ... For instance, this “gracious animal”, so named “crapaud siffleur” 
(whistling toad) obtained (like mongrel!) on coupling the foregoing “grasshopper” with a 
whistling device! ... 
 
And opening this “cigar-box”, he showed the well-ordered lances, but bizarre and ingenious: 
they were double effect lances: color and then bang. To obtain this, I suppose the successive 
operations: 

• Loading the tube with grain gunpowder (to obtain a bang) 
• Pasting the top with wet composition for colored flame. 
• Just flatting out the top of the tube instead of choking it (as normal crackers). So the 

operation of closing is simplified. 
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And to supplement those peculiarities, came the object taken out from nowhere with a 
forgotten name: a small cylindrical cartridge (inside diameter of one inch and 5 inches in 
length), maintained on a circular base, the tube being decorated as are Persian carpets. It was 
so heavy! ... 
 
So, I decided to experiment with it ... quickly with several boyfriends! At first a bengal like 
green flame... And then a succession of five or six “flash and bangs” occurring one by one at 
increasing heights. I took this succession of ascending rather than descending effects as a 
magic phenomenon. Now I suppose that this type of firework belongs to this old type named 
“Saucisson volant” [it translates as “flying sausage”, not to be confused with our flying 
saucers]. 
 
“Saucisson volant” (Figure 6) was an old aerial shell (some of smaller diameter) compounded 
with one or several charges separated from one another by some common and simple 
pyrotechnic delays of short duration, for example, the one made on nipping piped quick 
match. 
 

 
Figure 6 – “Saucisson volant”2 
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CONCLUSION 
 

All those small fireworks, souvenirs of my childhood, incite to reflections upon their aspects, 
as objects of art (with consequences on art trading) and as actors on shooting areas. Should it 
be pretentious to write any treatise entitled “Fire(work) psychoanalysis” as G. BACHELARD 
wrote? Simply listening to lessons of the past should be rather reasonable! 
 
Firework device as an object of art 
As sold and seen through the display-window of these ancient shops, each item, in particular 
was made with art, meaning that it was a “design” in our modern understanding (Aren’t the 
industrial kits or compact firework-boxes of today belonging to this style?) 
 
About art-marking, think of complex gestures that were necessary to obtain one single object 
during this laborious “paper-and-string” period. Peering into the workshops of that time at the 
tying of shells give you a good illustration (See Figure 7). 
 

 
Figure 7 – Tying shells well before World War II in AUBIN fcatory9 

 
Compare the time of making a shoe at the shoemaker's with that of making firework shells! 
And compare it with modern machinery to produce in Asia, with paper, a lot of spherical 
shells in so shorter times! 
 
About the styles of shooting fireworks 
They were things of hand-made trade but so beautiful in shapes, therefore necessarily so 
expensive! Consequently, shooting them with great cadence made the show prohibitive [and 
evidently to the grandmother’s purse!] 
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Nevertheless we were fascinated in admiring those rockets or shells fired one by one. We 
were quite in love with those smaller and also shortly lasting garden fireworks fired in the 
intimacy of natural surroundings among groves. 
 
Often faint lights of bengal flames can amaze our hearts! [“...and fireworks endured no longer 
than the kiss of a lover for his lady, if as long...“ wrote BIRINGUCCIO10 in the sixteenth 
century. 
 
Later on, VERLAINE, in his “Art poétique” says: “... le bleu fouillis des claires étoiles ». 
[translation: “the blue jumble of bright stars”]. 
 
As for the ancient firework displays, in the same manner, we do appreciate those firework 
shells, so different to one another, fired in succession during the interludes, like those 
fashion-parades of mannequins! 
 
Might the density of our bursting bouquets of today, that too often dazzle our eyes and grate 
our ears, be reexamined with eyes and ears of romantic poets! 
 
Moreover, about naming old devices, delights of good foods had widely inspired artificers to 
give them savory kitchen names such as, maroons, sausage, artichoke (or table rocket), 
lardon, sarrasin, praliner (the French verb) priming paste, and many other term of preparation 
(Figure 8). 
 
VATEL, the feasts and cook organizer of Louis XIV in VERSAILLES, should have surely 
appreciated! ... with wines from BORDEAUX well suited with them! 
 

 
Figure 8 – A taste of fireworks! 
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Figure 9 – All is well that ends well! 
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ABSTRACT 
 
With the development of industrial activities, the level of acoustic emissions around 
industrial areas has significantly increased and the governments of various European 
countries promoted the idea of placing limits to such emissions and many of them did. As 
often is the situation in Europe, national regulations showed differences and the European 
Commission acted to develop a common approach and measures to reduce the possible 
harmful effects of environmental noise. It gave birth to Directive 2002/49/EC1 “relating to the 
assessment and management of environmental noise” that the European Parliament voted on 
June 25th, 2002. 
 
Etienne LACROIX Tous Artifices S.A. was asked by the French governmental authorities to 
comply with this directive and its transcription in the French law, and to prove such 
compliance on the basis of acoustic recordings during the noisy periods of its activities. The 
main sources of acoustic emission were the frequent campaigns of type and batch testing of 
fireworks, with their specific character of successive peaks of high acoustic intensity. 
 
The main difficulty was to find a test protocol for such typical noises that would lead to the 
calculation of average values which could be compared to noise thresholds that were adopted 
for continuous noises. An appropriate method was developed to process the sequences of 
peaks that were recorded in order to meet this objective. It proved successful and was agreed 
to by the French governmental authorities. 
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INTRODUCTION 
 
At the end of the 90’s, the “Green Paper on Future Noise Policy” published by the European 
Commission addressed noise in the environment as one of the main environmental problems 
in Europe. In its Resolution of 10 June 1997, the European Parliament expressed its support 
for that Green Paper and, on 25 June 2002, adopted the Directive 2002/49/EC relating to the 
assessment and management of environmental noise. This directive intends to achieve a 
common understanding of the noise problem and to promote action plans of the EU Member 
States to reduce environmental noise. Considering the lack of reliable and comparable data 
regarding the situation of the various noise sources, the directive requires that data about 
environmental noise levels should be collected, collated or reported in accordance with 
comparable criteria, using harmonized indicators and evaluation methods. 
 
Beforehand, experts in acoustics had made significant progress in the development of 
standards for the description, measurement and assessment of environmental noise: their 
work within the technical committees, CEN/TC 211 and ISO TC/43, led to the publication of 
the standards ISO 1996-12 and ISO 1996-23 in 1982 and 1987, respectively. These two 
standards are periodically updated 
 
Similar standards were developed at the same time in some European countries as it is the 
case for France where AFNOR (L‘Association Française de Normalisation) published NF S 
31-0104 in 1987. This standard has been updated in 1996 and only differs from ISO 1996-1 
and 2 by the addition of specific requirements connected to the French regulation for the 
management of environmental noise. Several legal texts make its application mandatory. Two 
amendments5,6 to this standard were published in 2008 and 2013. 
 
All industrial activities are submitted in France to obligations to keep the noise they generate 
below limits that are stated by the French governmental authorities and to prove by 
appropriate measurements that they comply with these limits. For factories which are 
concerned by the European Seveso Directive (whatever the threshold of dangerous 
substances that are present), a specific “arrêté” of 23 January 19977 places specific 
requirements regarding generated noises. The manufacturing, storage and tests of explosives 
and pyrotechnics are obviously concerned. 
 
While the manufacturing and storage of fireworks are not specifically noisy except for the 
movements of trucks and forklifts, the main sources of acoustic emission are the frequent 
campaigns of type and batch testing of fireworks, with their specific character of successive 
peaks of high acoustic intensity. 
 
The main difficulty is to find a test protocol for such typical noises that would lead to the 
calculation of average values which could be compared to noise limits that were mainly 
defined for continuous noises. From acoustic measurements carried out according to the 
French standard NF S 31-010, an appropriate method was developed by Etienne LACROIX 
Tous Artifices S.A. to process the sequences of peaks that were recorded in order to meet this 
objective. This proved successful and was agreed to by the French governmental authorities. 
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APPROACH/METHOD 
 
Definitions 
The following definitions will be used hereafter (some of them are given by ISO 1996-1 and 
NF S 31-010): 

 Total sound: totally encompassing sound in a given situation at a given time, usually 
composed of sound from many sources near and far 
 

 Specific sound: component of the total sound that can be specifically identified and 
which is associated with a specific source 
 

 Residual sound: total sound remaining at a given location and in a given situation 
when the specific sounds under consideration are suppressed 
 

 Impulsive sound: sound characterized by brief bursts of sound pressure. The duration 
of a single impulsive sound is usually less than 1 s. 
 

 Intermittent sounds: sounds that are present at the location of the observer only 
during certain time periods that occur at regular or irregular time intervals and are 
such that the duration of each such occurrence is more than about 5 s 
 

 Measurement time interval: time interval during which a single measurement is 
conducted 
 

 Observation time interval: time interval during which a series of measurements is 
conducted 
 

 Reference time interval: time interval to which the rating of the sound is referred. It 
may be specified in national or international standards or by local authorities to cover 
the activities under consideration. Different sound level limits may be specified for 
different reference time intervals. 
 

 A-weighted sound pressure: value of the sound pressure which is obtained by 
mathematically processing the recorded sound pressure signal to mimic the sensitivity 
of the human ear 
 

 Equivalent continuous A-weighted sound pressure level: value of the A-weighted 
sound pressure level of a continuous sound which, during a specified period of time T, 
has the same averaged quadratic A-weighted sound pressure as the sound under 
consideration: 

퐿 , (푡 , 푡 ) = 10 ∙ 푙표푔
1

푡 − 푡
푝 (푡)
푝

푑푡  

where: 
푝  is the reference sound pressure = 20 µPa, 
푝 (푡) is the A-weighted instantaneous sound pressure at running time t; 
(푡 , 푡 ) is the measurement time interval which must be included in the reference 
time interval T (continuous or not) that covers the activities under consideration. 

 
It is expressed in decibels dB(A) 
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 A-weighted N percent exceedance level 퐿 , : A-weighted sound pressure level that 
is exceeded for N% of the time interval 휏 considered. In other terms, for N percent of 
the time, the fluctuating sound pressure levels are higher than the A-weighted N 
percent exceedance level. 
 
Example: 퐿 ,  is the A-weighted sound pressure level exceeded for 50% of 1 hour. 
 

 Sound emergence: it characterizes how a sound source generates acoustic pressure 
levels which exceed the residual sound. It has two components: the amplitude and 
duration of such exceedance 

 
Noise limits 
The firework factory of LACROIX is located in the countryside at Sainte-Foy de Peyrolières 
and is surrounded by farms and some few private houses with gardens. In such rural 
environment, the French law states the following limits: 
 

Table 1 – Acceptable limits for the global A-weighted sound pressure level 
Reference time 

intervals 06:00-07:00 07:00-20:00 20:00-22:00 22:00-06:00 

Weekdays 60 dB(A) 65 dB(A) 60 dB(A) 55 dB(A) 
Sundays and 

Official holidays 55 dB(A) 60 dB(A) 60 dB(A) 55 dB(A) 

 
These limits are recalled, among other requirements, in a special legal text (called “arrêté 
préfectoral”) which authorizes LACROIX to carry out pyrotechnic activities in its factory of 
Sainte-Foy. 
 
The “arrêté” of 23 January 1997 also states limits for the amplitude of sound emergence: 
 

Table 2 – Acceptable limits for the amplitude of sound emergence 

Sound pressure level observed 
in the area, including noises 
generated by the activities 

under consideration 

Acceptable emergence during 
the reference time interval 

starting at 07:00 and ending at 
22:00 except on Sundays and 

Official holidays 

Acceptable emergence during 
the reference time interval 

starting at 22:00 and ending at 
07:00 as well as Sundays and 

Official holidays 
> 35 dB(A) and ≤ 45 dB(A) 6 dB(A) 4 dB(A) 

> 45 dB(A) 5 dB(A) 3 dB(A) 
 
Application of NF S 31-010 
The French standard NF S 31-010 defines two methods of measurement that differ in the 
equipment to be used and the accuracy of results. The “arrêté” of 23 January 1997 requires 
the application of the more accurate method, called “méthode d’expertise” (expert assessment 
method). It requires the use of Class I sound level meters according to IEC 61672-1:20148. 
 
Measurements of the total sound, specific sound and residual sound must be carried out at 
property limits. The location of the sound level meters must be properly determined, e.g. the 
closest point to the more exposed houses, taking into account the more energetic sound 
sources: the firing point in the test range for firework activities. It is the choice that was made 
by LACROIX. 
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When measurements are performed on several time intervals (which is currently the case), the 
global A-weighted equivalent sound pressure level is obtained by calculation of the energy-
weighted mean of the equivalent continuous A-weighted sound pressure levels 퐿 , ,  
measured on each time interval 푡 : 
 

퐿 , , = 10 ∙ 푙표푔
1
푇

푡 	10
, ,

 

 
The calculated value 퐿 , ,  is then compared to the noise limits that are stated for the 
reference time interval 푇 under consideration (Table 1). 
 
Likewise, the amplitude of sound emergence must be calculated, using the following formula: 
 

푒 = 퐿 , ( 	 ) − 퐿 , ( 	 ) 
 
When highly energetic intermittent sounds are observed, the duration of which is small 
enough not to mask the noise of the other stable or continuous activities, and when the 
difference 퐿 , − 퐿 > 5 dB(A), the amplitude of sound emergence is better given by the 
alternative formula: 
 

푒 = 퐿 ( 	 ) − 퐿 ( 	 ) 
 
for a given integration time interval (푡 , 푡 ), e.g. 1 second. 
 
The calculated value 푒 is then compared to the limits given in Table 2. 
 
 

FIRST RESULTS 
 
Sound level meters 
LACROIX used a Class I integrating sound level meter, reference SIP 95, supplied by the 
French company 01dB until the end of 2014. It was replaced in January 2015 by another 
Class I integrating sound level meter, reference DB-300, supplied by KIMO (Figure 1). 
Specific software – dBtrait32 and LDB, 23 respectively – able to run on laptops were 
provided with the two meters, allowing to obtain the calculated values of all required 퐿 , , , 
퐿  and 푒 from the recorded sound signals. Being recently placed on the market, the newly 
bought sound level meter exhibits more capabilities and its associated software has more 
functionalities that considerably simplify the determination of the characteristic indicators of 
interest. 
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01dB SIP 95 KIMO DB-300 

Figure 1 – Class I sound level meters 
 
Location of the sound level meters in the test range 
The sound level meter is placed at some few meters from the property limit and close to the 
straight line through the firing point and the closest house outside the facility area. This 
location (Figure 2) was found to be the most appropriate by taking into account the location 
of the most exposed house on one hand and the need to place the sound level meter at the 
most critical point of the test range on the other hand: the profile of the test range is a small 
valley which may create a channel effect for the sound propagation and the sound level meter 
is placed at the vicinity of the point where the small creek flows out of the facility limits. 
 

Sound level meter 

 
Firing point Closest house 

Figure 2 – Location of the sound level meter 
 
Observation time interval 
According to the “arrêté préfectoral” which authorizes LACROIX to carry out pyrotechnic 
activities (including dynamic testing of fireworks), LACROIX is required to record the total 
sound continuously during its work hours (and more when test periods are planned at night to 
check the colored effects of fireworks). Consequently the observation time interval 
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commonly starts at 08:00 in the morning and ends at 22:00 at night. The sound level meter is 
kept on all day and night long, five days per week (Monday to Friday), at the same place and 
is programmed to wake up automatically at 08:00 and enter into sleep mode at 22:00. So the 
observation time interval, T, lasts 14 hours per day. It can be modified manually, e.g. when 
night tests are to be performed later than 22:00 which may be needed in late spring and 
summer. 
 
Integration time interval 
Integrating sound level meters need that an integration time interval (푡 , 푡 ) and then its 
duration 휏 = 푡 − 푡  are preliminarily determined to calculate the “instantaneous” values of 
the equivalent continuous A-weighted sound pressure level of the total sound: 
 

퐿 , , = 퐿 , (푡 , 푡 ) = 10 ∙ 푙표푔
1

푡 − 푡
푝 (푡)
푝

푑푡  

 
where 푝 (푡) is the A-weighted instantaneous sound pressure at running time t, corresponding 
to the A-processed recorded signal of the total sound between 푡  and 푡 . The term 
“integration time” is used in relation with the integral in the above formula. 
 
By “instantaneous” values of the equivalent continuous A-weighted sound pressure level, it is 
meant that the resulting curve of variations of 퐿 , ,  has the shape of a step function (Figure 
3), each step being centered on discrete values of time and distant by 휏 from each other. The 
smaller the value of 휏, the more “instantaneous” are the values of 퐿 , , . 
 

 
Figure 3 – Recording of the equivalent continuous A-weighted sound pressure level 

of a 8-shot Roman Candle (Integration time 125 ms) 
 
In Figure 3, 휏 was taken equal to 125 ms, the value of the integration time which is 
recommended by the French standard NF S 31-010 for low-level impulsive sounds. Such 
value gives a rather sharp representation of the eight recorded impulsive sounds emitted by an 
8-shot Roman Candle. It would not have been the case if 휏 was taken equal to 1 second as 
shown on Figure 4. 
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Figure 4 – Recording of the equivalent continuous A-weighted sound pressure level 

of an 8-shot Roman Candle (Integration time 1 s) 
 
Contrary to Figure 3, the shape of the variations of the equivalent continuous A-weighted 
sound pressure level on Figure 4 does not give any indication that it corresponds to the 
functioning of an 8-shot Roman Candle. However, such curve may be sufficient if the 
objective of the sound measurements is not to characterize each fireworks individually but 
just to calculate the equivalent continuous A-weighted sound pressure level of test campaigns 
as a whole. 
 
So the choice of the appropriate value of the integration time 휏 depends of the objectives of 
the sound measurements. If they intend to get a thorough knowledge of individual fireworks 
within the test campaign, e.g. to check their correct functioning, 휏 must be determined on the 
basis of the expected characteristics of the specific sounds to be observed and recorded. If it 
is known to be impulsive, a start value of 휏 should be taken in the range 100-125 ms as 
proposed by the French standard NF S 31-010, maybe less in the case of very short impulses 
as detonative ones. For fireworks, 125 ms appears to be a proper choice. 
 
If we calculate the equivalent continuous A-weighted sound pressure level on the whole 
duration of functioning of the Roman Candle, the two step curves of Figures 3 and 4 give the 
same result: 54.7 dB(A). Such result is correct due to the definition of the equivalent 
continuous A-weighted sound pressure level itself. 
 
Whether the integration time should always be taken equal to 125 ms when tests of fireworks 
are planned is worth being discussed. At this stage, it can be kept in mind that a short 
integration time (such as 100-125 ms) is necessary to detect and characterize any possible 
impulsive sound during the observation time interval, mainly when such event is neither 
planned nor foreseen. 
When the objective is not to characterize each firework individually but only to verify the 
compliance of planned noisy test campaigns with the stated noise limits, there may be no 
necessity to make a thorough analysis of each functioning of fireworks within the campaign. 
In such case, there is some freedom in the choice of the integration time interval and a global 
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calculation of the equivalent continuous A-weighted sound pressure level for the whole 
campaign may be based on a larger integration time (e.g. 1 second) without losing any 
information or lacking any precision as presented later. 
 
In the absence of impulsive sounds, the integration time may be taken equal to 1 second and 
that value was adopted to measure the equivalent continuous A-weighed pressure level of the 
residual sound. 
 
Preliminary tests 
In the above example of the 8-shot Roman Candle, the equivalent continuous A-weighted 
sound pressure level 퐿 , ,  which is determined at the property limit during the functioning 
time of the article is smaller than the stated noise limit of 65 dB. Indeed, such result may not 
be the case for most of the tested fireworks and, in a first approach, it was envisaged to 
compensate the 퐿 , ,  of fireworks by the equivalent continuous A-weighted sound pressure 
level 퐿 , ,∆  of the residual sound observed during the time interval ∆푡between two 
successive firings, provided that the value of ∆푡 is appropriately chosen. 
 
To do so, a test campaign took place on September 14th, 2005 during which several types and 
calibers of fireworks were fired, their emitted sound recorded and all 퐿 , ,  calculated with 
an integration time interval of 125 ms. Figure 3 here above already showed what was 
observed for an 8-shot Roman Candle. Figures 5.1 and 5.2 hereafter give the recorded 
variations of the equivalent continuous A-weighted pressure levels for four other articles 
among all types that were fired on that occasion: a 125 mm cylindrical shell and three 
combinations. 
 
The curves given on Figures 3 and 5 show that the integration time of 125 ms is well adapted 
to the characterization of the specific sound emitted by fireworks. 
 

  
125 mm spherical shell Dragon eggs (crackers and comets) 

Figure 5.1 – Recording of the equivalent continuous A-weighted sound pressure level 
of four typical shells and combinations (Integration time 125 ms) 

Lift 
charge 

Burst 
charge 
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Combination of  45 mm comets and shells Combination of whistles and bombettes 

Figure 5.2 – Recording of the equivalent continuous A-weighted sound pressure level 
of four typical shells and combinations (Integration time 125 ms) 

 
The values of 퐿 , ,  corresponding to the curves of Figures 3, 5.1 and 5.2 are respectively: 
 

 48.9 dB(A) for the 8-shot Roman Candle 
 72.4 dB(A) for the 125 mm spherical shell 
 764 dB(A) for the Dragon Eggs 
 70.1 dB(A) for the combination of 45 mm comets and shells 
 75.0 dB(A) for the combination of whistles and bombettes 

 
They show that, if the reference time interval is limited to the duration of the functioning of 
each firework, the compliance with the stated noise limits cannot be obtained in most cases. 
 
Let us now consider the case where the above five fireworks were fired one minute after each 
other. During the time interval between two firings, the total sound is equal to the residual 
sound, e.g. 43.2 dB(A) (value that was recorded on September 14th, 2005). Then we have the 
following sequence of 퐿 , ,  and 퐿 , ,∆ : 
 

 48.9 dB(A) during 20 s 
 43.2 dB(A) during 60 s 
 72.4 dB(A) during 12 s 
 43.2 dB(A) during 60 s 
 76.4 dB(A) during 40 s 
 43.2 dB(A) during 60 s 
 70.1 dB(A) during 19,5 s 
 43.2 dB(A) during 60 s 
 75.0 dB(A) during 45 s 

 
The 퐿 , ,  of the whole sequence is equal to 69.8 dB(A).  
 
Figure 6 illustrates how the equivalent continuous A-weighted sound pressure level decreases 
when the time interval between two successive firings of fireworks increases. It shows that 
the stated noise limit of 65 dB(A) is only obtained for intervals higher than 4.2 minutes which 
is quite long and would make the test campaign much longer than usual as well as 
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economically unbearable (only 12 to 15 fireworks per hour!). Likewise, although it would be 
compliant with the stated noise limits, such lengthened test campaign might be 
psychologically difficult to endure by persons living in the neighborhood: they would have 
the feeling of never ending tests. So, combining the comfort of its neighbors and the search 
for its economic performance, LACROIX preferred to conduct its tests in the shortest time 
possible and to separate successive campaigns by rather long periods of time, e.g. one in the 
morning and a second one in the afternoon, at regular times as far as possible. 
 

 
Figure 6 – Variation of 퐿 , ,  in terms of the time interval between successive firings 

 
Indeed, the reference time interval is a more extended period of time than the duration of the 
test campaigns and the French regulation authorizes to take it equal to the whole workday. 
퐿 , ,  may then be calculated on the whole workday, meaning 08:00 to 17:00 for the current 
activities of the factory of Sainte-Foy de Peyrolières, leading to 9 hours of uninterrupted 
sound recording. Such approach has been accepted by the local governmental authorities and 
corresponding information has been given to all the people living in the surroundings of the 
factory. 
 
Emergence 
The second criterion which must be met deals with the amplitude of sound emergence of the 
specific sound which must be smaller than 5 dB(A) during the day and 3 dB(A) during the 
night (Table 2). 
 
It has already been mentioned that, according to the French regulations: 

 when highly energetic intermittent sounds are observed (which is the case for 
fireworks), 

 when the duration of these intermittent sounds is small enough not to mask the noise 
of the other stable or continuous activities (which is also the case because of the time 
intervals between successive firings), 

 and when the difference 퐿 , − 퐿 > 5 dB(A),t, 
the amplitude of sound emergence is better given by the alternative formula: 
 

∆푡 

퐿 , ,  
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푒 = 퐿 ( 	 ) − 퐿 ( 	 ) 
 

The values of 퐿  that are usually recorded at Sainte Foy de Peyrolières lie in the range 35 
to 45 dB(A). Comparing these values to the possibility of reaching the compliance limit of 
65 dB(A), the difference 퐿 , − 퐿  is largely higher than 5 dB(A) and, for that reason, the 
above formula was adopted to calculate the amplitudes of sound emergence. 
 
Contrary to the continuous equivalent A-weighted sound pressure level 퐿 , , , the A-
weighted 50 percent exceedance level 퐿  is impacted by the choice of the integration time 
interval τ. Figure 7 shows how 퐿  varies in terms of τ for the 8-shot Roman Candle of 
Figure 3, when the observation time interval is taken equal to the functioning time of the 
article. 
 

 
Figure 7 – Variation of 퐿  in terms of the integration time interval (8-shot roman candle) 

 
퐿  tends toward 퐿 , ,  when τ increases and reach the functioning time of the article. The 
main conclusion that can be drawn from Figure 7 is that the value of 퐿  is all the more 
favorable to obtain a low value of the amplitude of emergence. Nevertheless, such effect of 
the value of the integration time interval is strongly mitigated when the calculation of 퐿  is 
extended to the reference time interval, then including the time intervals between successive 
firings and periods preceding and following the test campaigns. For that reason, LACROIX 
decided to choose an integration time interval of 1 second and a reference time interval 
corresponding to the duration of normal workdays, following the recommendations of experts 
in acoustics. Such choice helps to reduce the duration of test campaigns to an optimal trade-
off between the proofs of compliance with the stated noise limits which were rather 
determined for continuous noises and would encourage low rates of firings on one hand and 
the psychological impact of long noisy periods of time for the neighborhood on the other 
hand. 
 
Conformity assessment 
Figure 8 shows a typical recording of the total sound at the property limit. Indeed, such noise 
includes all possible noises: those that are emitted by the activities of the factory, but also 
those that result from farming in the fields nearby, planes flying over the factory, 
meteorological events (wind, thunder…), birds, cars and trucks, etc. 
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Figure 8 – Typical sound recording (23 May 2015) 

 
One test campaign was planned and executed between 10:19 and 11:06 in the morning (See 
the light blue zone of Figure 8). Six roman candles, eleven 100 mm shells and three 125 mm 
shells were fired during that campaign in 46 minutes. For a reference time interval starting at 
08:00 and ending at 17:00, the above recordings gives a value of 55.3 dB(A) to be compared 
to the stated limit of 65 dB(A). 
 
As regards the amplitude of emergence, the manual selection of the light blue zone led the 
sound level meter software to calculate the A-weighted 50 percent exceedance levels of the 
total sound (corresponding to the whole recording) and the residual sound (corresponding to 
the whole recording after elimination of the light blue zone). The following values were 
obtained: 
 

 퐿 ( 	 ) = 41.5 dB(A) 
 퐿 ( 	 ) = 39.3 dB(A) 

 
leading to a value of 2.2 dB(A) for the amplitude of emergence on the reference time interval 
to be compared to the stated limit of 5 dB(A). 
 
The two calculated values of 퐿 , ,  (55.3 dB(A)) and 푒 (2.2 db(A)) comply with the stated 
noise limits. 
 
Other examples 
The following examples illustrate some typical situations which may occur and need specific 
data processing. 
 
The first example corresponds to the simultaneity of firework testing and another noisy 
activity which is not permanent but is part of the operational needs of the factory and occurs 
periodically. In the present case, this periodic activity consisted in mowing the testing ground 
and cleaning it of all debris of previously tested articles. Figure 9 shows the 퐿 , ,  variations 
that were recorded. 
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Figure 9 – Sound recording of 13 May 2015 

 
The stated noise limits apply to all the noises that are generated inside the factory because of 
its activities whatever they are. Then they apply to the mowing and cleaning of the testing 
ground as well as the testing of fireworks. Because these two activities are not permanent, 
they must be considered as specific and then none of them are part of the residual sound. 
Consequently, the whole grey zone of Figure 9 was extracted from the signal in the 
determination of the value of 퐿 ( 	 ). 
 
Doing so, the following values were obtained: 
 

 퐿 , ,  = 53.5 dB(A) 
 퐿 ( 	 ) = 44.0 dB(A) 
 퐿 ( 	 ) = 39.8 dB(A) 
 푒 = 4.2 dB(A) 

which meet the compliance criteria. 
 
In the second example, one of the farmers was mowing and ploughing some of the fields 
which are adjacent to the property limits. This operation longed all day but was interrupted 
during lunch hours (12:30-14:30). In order to have the possibility of proving that the planned 
tests met the stated noise limits, it was decided to carry out the test campaign in four steps 
between 12:45 and 14:30. 
 
Figure 10 gives the variations of the recorded 퐿 , ,  during that period of time. Thirteen 
combinations and ten shells were tested. 
 
If the reference time interval is limited to the duration of the test campaign (12:45-14:30), the 
corresponding calculated value of 퐿 , ,  is 68.0 dB(A) which exceeds the stated noise limit. 
Doing so is pessimistic and does not correspond to what must be understood as reference 
period in the “arrêté” of 23 January 1997. It was then necessary to reconstruct a normal 
residual sound that would not include the mowing and ploughing of the adjacent fields. 
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Figure 10 – Sound recording of 3 April 2015 

 
To do so, it was decided not to take into account the 퐿 ,  of the residual sound during the 
test campaign (white zones of Figure 10) because it might be too optimistic, but to use the 
value that was observed on the previous days: 45 dB(A), assuming that the activities of the 
factory were the same as on 3 April 2015, which could be proved easily. 
 
The following values were then obtained: 
 

 퐿 , ,  = 59.4 dB(A) 
 퐿 ( 	 ) = 40.3 dB(A) 
 퐿 ( 	 ) = 37.2 dB(A) 
 푒 = 3.1 dB(A) 

which meet the compliance criteria. 
 
The third example corresponds to a day when only eighteen 150 mm shells were tested in 
25 minutes. These shells were known to generate high-level impulsive sounds with 퐿 ,  in 
the range 125-130 dB(C). Figure 11 shows the variations of the recorded 퐿 , ,  during the 
whole workday. 
 
The corresponding values of the equivalent continuous A-weighted sound pressure level and 
the amplitude of emergence on the reference period are respectively 55.6 dB(A) and 0.9 
dB(A). Although these two values comply with the stated noise limits with a comfortable 
margin, we received a phone call from one of the persons living in the neighborhood which 
complained about the “high” sound level he had felt. 
 
The 1st of June 2015 was a cloudy day and the overcast was quite low. The wind was blowing 
over the testing ground in the direction of the sound level meter and the complaining 
neighbor’s property! 
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Figure 11 – Sound recording of 1 June 2015 

 
The effect of local weather conditions on the sound that is felt by human ear will not be 
discussed here, but it must be known that low overcasts and winds can pull down a large part 
of the acoustic energy, channeling its propagation in specific directions and then reduce the 
symmetry of its dissipation in all directions around the point from where the sound is emitted. 
ISO 1996-2 and NF S 31-010 define how to register and use information on the weather 
conditions during the sound measurements. 
 
For the firework tests of 1 June 2015, it must be noted that it was a sound level higher than 
the stated noise limits which caused the neighbor’s reaction but the fact that the weather 
conditions had unusually reduced the dissipation of the sound energy in the direction of the 
place where the neighbor dwells. He noticed a difference in relation to the sound he usually 
felt and assumed that LACROIX may have exceeded the authorized limits. 
 
Such example shows that planning noisy activities such as firework testing needs to take into 
consideration local weather conditions to keep the neighborhood in a sound environment that 
would be psychologically as constant as possible. Difficult task, but not impossible… 
 
 

CONCLUSIONS 
 
As shown in the present paper, ISO 1996-2 and NF S 31-010 propose tools which can be 
efficiently and successfully applied to the determination of compliance of sequences of 
impulsive sounds with the Directive 2002/49/EC of 25 June 2002 and corresponding national 
regulations. Although sound measurements and corresponding data processing can take the 
benefit of scientific background and experience, one must take into account the psychological 
impact of repetitive noisy situations on persons living in the neighborhood whatever the 
compliance of noise emissions with the local regulations. On one hand, it is necessary to record 
and keep the experimental proofs of such compliance but, on the other hand, it is important to 
build confident relations with neighbors by periodic exchanges of information and, if possible, 
warning them whenever firework tests may generate unusual sounds by nature, duration or 
level. 
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ABSTRACT 
 
 
Most dictionaries attest that the word “pyrotechny” was not used until the sixteenth century in 
Europe, a long time after the discovery of black powder in China and two centuries after 
Marco Polo brought back from China samples of firecrackers and “artificial fires”. They fix 
its first occurrence in Italy with the famous book “De la Pirotecnia” written by Vannoccio 
Biringuccio and published after his death in 1540. 
 
“Pirotecnia” gave birth to the French word “Pyrotechnie” which, in turn, led to “Pyrotechny’ 
in English. 
 
“De la Pirotecnia” is divided in ten sections, only one of which deals with what we mean 
today when we use the word “pyrotechnics”. The nine other sections describe the techniques 
of metallurgy and they mainly contributed to the fame of Biringuccio’s book which was 
rather quickly translated into French and English and was largely distributed all over Europe. 
Other authors have also included fire-based medical techniques under the word “pyrotechny” 
which then got its full understanding as “arts of fire”. 
 
With the beginning of the industrial era, the various techniques that were grouped under the 
term “pyrotechny” took their own specific names, leaving its use to the art of making 
artificial fires and military weapons. 
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INTRODUCTION 
 
“Pyrotechnics” in English, “pyrotechnie” in French, “Pyrotechnik” in German, “Pirotecnica” 
in Italian, “Pirotecnia” in Spanish and Portuguese – as well as their translations which sound 
similar in many other languages (Table 1) – have become so common to our ears that we may 
think they have always meant what they mean today. Looking back to their same origin, it is 
generally said that they come from the ancient Greek words “πῦρ, πυρός”, fire and “τέχνη”, 
craft or art, and then mean the “art of fire”. In our understanding, as it can be confirmed by its 
use in many national and international regulations, “pyrotechnics” and its correspondents in 
other languages are explicitly connected to the production of heat, light, smoke, sound, gas, 
and combinations of such effects through self-sustained exothermic chemical reactions. 
 
This paper intends to give answers to the following questions: When and where did the first 
of these words appear? Has it the same meaning? Did it encompass the same human 
activities? 
 

Table 1 – Translation of the word “Pyrotechnics” 
Albanian Piroteknikë  Kazakh Пиротехника 
Basque Piroteknia  Portuguese Pirotecnia 
Belarussian Піратэхніка  Latvian Pirotehnika 
Bulgarian Пиротехника  Lithuanian Pirotechnika 
Croatian Pirotehnika  Macedonian Пиротехника 
Czech Pyrotechnika  Maltese Piroteknika 
Danish Pyroteknik  Norwegian Pyroteknikk 
Dutch Pyrotechniek  Polish Pirotechnika 
English Pyrotechny 

Pyrotechnics 
 Romanian Pirotehnie 

Estonian Pürotehnika  Russian Пиротехника 
Finnish (Suomi) Pyrotekniikka  Serbian Пиротехника 
French Pyrotechnie  Slovak Pyrotechnika 
German Pyrotechnik  Slovene Pirotehnika 
(Modern) Greek Πυροτεχνήματα  Spanish Pirotecnia 
Hungarian Pirotechnika  Swedish Pyroteknik 
Irish (Gaelic) Piriteicnic  Turkish Piroteknik 
Italian Pirotecnica  Ukrainian Піротехніка 

 
 

“PIROTECHNIA” 
 
Until the 16th century the term “pyrotechnics” or any of its equivalents in other European 
languages seem to be unused and probably unknown. 
 
Has he invented the word “pirotechnia”? He was a learned person and he may have had a 
rather good knowledge of the ancient Greek language. “πῦρ” and “τέχνη” may have been 
familiar words to him. What seems rather certain is that the first occurrence of the word 
“pirotechnia” that is reported lies in the title of an Italian book – De la pirotechnia1 – written 
by Vannoccio BIRINGUCCIO and published after his death in 1540. 
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Vannoccio BIRINGUCCIO was born in Sienna (Italy) in 1480. He was employed by the 
Petrucci family as a metallurgist and followed the destiny of that family, which led him to 
exile periods far from Sienna as well as favorable stays in his native city. He took advantage 
of his exiles to increase his knowledge and experience not only in metallurgy but also in the 
field of arms and ammunition. In 1524, he obtained the monopoly of production of saltpeter 
in Sienna. From 1526 until 1531, he cast cannons and built fortifications for the Este and 
Farnese families. In 1538 he became head of the papal foundry and was also placed in charge 
of papal munitions. The date of his dead remains unknown, but it is assumed to be before 
April 30th, 1540 at the latest. 
 
His fame comes from his book – De la pirotechnia – which is considered the first printed 
complete account of proper foundry practice3 and where it discloses information on 
metallurgy, armament and pyrotechnics that were kept secret until then (Figure 1). 
 
Vannoccio BIRINGUCCIO is often taken as “one of the principal exponents of the 
experimental method”3. This reputation comes from sentences that can be found in his book, 
such as “It is necessary to find the true method by doing it again and again, continually 
varying the procedure and then stopping at the best” and “I have no knowledge other than 
what I have seen with my own eyes”4. Adding that ignorance or carelessness are the main 
causes of the failure of an operation, he precedes Claude-Fortuné RUGGIERI in that practical 
approach of what will become science and technology 250 years later. 
 

 
Figure 1 - Title page of the first edition of “De la Pirotechnia” (1540) 

by Vannoccio BIRINGUCCIO 
 
De la pirotechnia is divided into ten books: eight of them deal with metallurgy (ore, metals, 
alloys and techniques), one with alchemy and the last one with armaments and fireworks. It 
has had a significant impact on the erudite community of that time, as it is witnessed by being 
rather quickly translated in other European languages, e.g. the complete French edition that 
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was published as soon as 1572 and an incomplete English translation in 1552, as well as by 
the nine editions that were published over a period of 138 years! 
 
For Vannoccio BIRINGUCCIO, as shown by the contents of his book, “pirotechnia” means 
the “art of fire” in its broad understanding and this meaning encompasses all techniques that 
employ fire, whatever minerals they transform, melt metals and cast them in heated molds, 
shape glass objects and silver mirrors, distill substances for alchemical purposes or produce 
explosions and flames… “Pirotechnia” has then the literal meaning of its etymology. 
 
 

BIRINGUCCIO’S “DE LA PIROTECHNIA” 
 
Let us now open BIRINGUCCIO’s book and review its contents. 
 
Looking at the “Tavola delli capitoli” – the table of contents – at the end of the book, what 
stands out is the logical order of the topics that are listed, announcing the technical treaties 
which begin to be published in the 18th century and the modern scientific publications. 
Starting with the description of the basic ores and substances, the author develops the basic 
techniques and their application to the various fields of interest. Claude-Fortuné RUGGIERI 
will not do differently in his famous “Elemens de Pyrotechnie”. 
 
From that point of view, “De la pirotechnia” is often taken as the first modern technical 
manual, both educational and exhaustive, if not encyclopedic in the field of the arts of fire. 
 
Ores and semi minerals, including saltpeter 
The first section deals with the description of the ores of gold, silver, copper, lead, tin and 
iron: what are their characteristics, where they can be found, how they can be extracted, what 
techniques can be used to extract metals from them (Figure 2). 
 

 
Figure 2 - “De la Pirotechnia” – Mining tools 

 
The author takes advantage of his presentation of the qualities of the ores of gold to write – in 
a passage entitled “Discorso dell’Autore contra gli alchimisti” – the bad opinion he has of 
alchemists: 
 
“atteso che la oscurita de suoi principii, et l’infiniti termini, et accordamenti di cose che di 
necessità pervenir a la maturità del suo fine ha dibisogno) per lequali cose non so come mai 
creder ragionevolmente vi possa, che quelle tali artisti far mal possimo quel che promettono, 
ò dicono” 
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[granted the obscurity of its beginnings and the infinite process and concordances that it 
needs in order to reach its destined maturity, I do not understand how anyone can reasonably 
believe that such artists can ever do what they say and promise]2 

 
and: 
 
“Ma non per questo quelli tali non persuadeno, a qui ben ragionevolmente confidera, che 
l’arte alchimica sia vera, perche si vede che per desiderio d’haver richezze schiacciano di 
troppa credenza, et con cercar di voler tal arte per vera seminar ne gli animi de gli altri, con 
lo effetto dell’ apparente lor povertà, se la tolgano” 
 
[But it is not in this way that such men persuade those who have good judgment that the art 
of alchemy is true; for it is evident that in their desire for riches they become blind with 
credulity, and when they seek to persuade the minds of others that this art is true, the fact of 
their evident poverty belies them]2 

 
and more all along seven pages… 
 
The first section ends with the description of the practices of making steel (“acciaro”) and 
brass (“ottone”), the two main alloys which were commonly used at that time. 
 
In the second section, Vannoccio BIRINGUCCIO describes the “mezzi minerali” 
(“semiminerals”), as he named them by difference with the metals presented in the first 
section: quicksilver, sulfur, antimony, marcasite, vitriol, rock alum, arsenic, orpiment, 
realgar, calamine, zaffre, manganese, lodestone, bole, ochre, emery, borax, azure and green 
azure, glass and a variety of rock crystals and gems, as well as common mineral salt (sodium 
chloride) and many other salts. As for metals, the author explains how they can be found in 
nature and what processes can be used to obtain their usable form (See Figure 3). 
 

 
Figure 3 - “De la Pirotechnia” – One of the processes to obtain liquid quicksilver 

 
Some of the described “semiminerals” are linked with their use in weapons and artificial 
fires, among them “nitro”, “sale nitro” or “salnitro” which is still the Italian word for 
“saltpeter”: the author explains where “natural” (meaning directly found without any special 
process) and “artificial” (meaning extracted from ores and plants by appropriate processes) 
saltpeter can be found and extracted. At that time, such types of saltpeter were not known to 
be exactly the same chemical but to share the same reactive properties. Describing one of 
these substances he assimilated to saltpeter, he wrote: 
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“La natura di questo é come questa de nitro, ò del sale, calda et secca, ma contiene anche 
une humidata ventuosa, sottile, aerea, che’l fa combustibile del quale hor qui non intendo di 
dirve tutte le particularità per refervarmi al suo proprio loco quando vi diro del far della 
polvere da tirar l’artiglierie.” 
 
[Its nature is hot and dry like that of niter or salt, , but it also contains an airy, fine, and light 
moistness which makes it combustible, of which I do not intend to tell you all the details here 
since I’ll do it at its proper place when I’ll speak of making powder for firing guns]2 

 
Preparing ores for smelting and making charcoal 
The third section presents methods for assaying and preparing ores for smelting. Various 
methods and equipment are described in detail with a lot of figures illustrating the typical 
furnaces which may be used according to the metal to be extracted from the ores. Indications 
are given on how to shape and build furnaces for smelting ores and cupeling hearths to refine 
metals. Examples are shown in Figure 4. 
 

  

  
Figure 4 - “De la Pirotechnia” – Some methods of smelting ores 

 
More interesting for artificial fires is the description of the means and processes to produce 
charcoal. Although the author develops this topic with a view to get the best charcoal for 
furnaces, his recommendations concerning the choice of wood and the construction of the 
charcoal kilns he describes are very close to what would be written in the fireworks manuals 
of the 18th century. No doubt the types of charcoal Vannoccio BIRINGUCCIO and his 
contemporaries used in the making of black powder came from the same techniques, with 
possible lack of skill and knowledge that could have affected its quality and performance. 
 
The author differentiates two types of wood according to their nature: “legnami di natura 
terreste” – woods of terrestrial nature (oak, elm) – which are hard and strong and “legnami di 
natura aerea” – woods of aerial nature (willow, fir, hazel) – which are light and soft, the 
former being those of interest in the extraction of metals. His text is not lacking in some 
touch of humor: 
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“Il carbone é materia infra le prime importante nelle fusioni, et massime l’haverme di buona 
qualità, et per questo vi dico che e da avertire nel fare del carbone nella differentia de 
legnami, et ancho del mododel farlo, per ilche dell’uno, et dell’altro intendo dirvi, et prima vi 
dirò le differentie de legnani, dellequali ogni prattico havere ne debba buona notitia. Perche 
tutte nelle operationi che hanno dibisogno di fuochi lungi, vivi, et potenti, hanno dibisogno 
adoperare carbone fatto di legname vigoroso et potente, et non legname gentile, perche non 
servirebbe, et cosi ancho chi pur facesse carbone, et lo facesse de legname dolce, et essendo 
bisogno di fuoco gagliardo et forte, non servirebbe bene, et cosi adoperando il forte dove 
bisognass il dolce. Anchor dove bisognasser le fiamme, como sono li reverberi : il carbone 
sarebbe inutile. Per ilche bisogna havere le legna d’arbori al proposito stagionate, et secche, 
et non carbone, et per carbone forte si nomina quel di certi legnami di natura terreste, come 
quel della quercia, del cerro, dell’eccio, dell’ormo, dell’eschio, et altri fimili arbori grandi et 
duri : quel che è dolce, é quel che é fatto d’ogni legname che par piu domestico, che contiene 
piu della natura aerea come dell’abete, et del salcio, dell’olmo, et di lontano dil nocciolo, et 
simili che son di qualità piu gentile, et piu debile. (...) essempli gratia, come voleste fondere 
oro, argento, rame, ò altro metallo, et pigliaste carbone di scopa, vi affaticareste in vano, et 
similmente se le fabriche del ferro volesser bollire un ferro alquando grosso, et pigliassero 
carbone di salcio, d’abete, d’oppio, à d’albaro, ò fimili se ne brucciassero due carra intere 
non harian forza di farlo bollire (...)” 
 
[Charcoal is among the most important materials for smelting, and it especially should be of 
good quality at the most. For this reason I tell you that, in making charcoal, attention must be 
given to the differences between the woods and also the manner of making it, so I intend to 
describe both of these. First I’ll tell you the differences between woods, concerning which 
very experienced man must be well informed. Because, for all those operations that need 
long, live and powerful fires, it is necessary to use charcoal made of vigorous and powerful 
wood, and not that of soft woods which would not serve. If one should make charcoal and 
make it of soft wood, it would not serve well when there was need of a strong and enduring 
fire. Likewise, the strong will not serve in place of the soft. Where flames are wanted, as in 
reverbatories, charcoal would be useless, and it is therefore necessary for this purpose to have 
wood from trees that is seasoned and dried instead of charcoal. For strong charcoal certain 
kinds of wood of an earthy nature are chosen like that of the oak, cerris, holm oak, elm, beech 
and other similar large and hard trees. The soft charcoal is that which is made from all wood 
that seems to be most domesticated and to contain more of the airy nature, like that of the fir, 
willow, elm, and by far walnut, and others that are of a softer and weaker quality. (…) for 
example, if you should wish to smelt gold, silver, copper or some other metal and should take 
charcoal from brooms, you would labor in vain, and likewise if, in iron-works, they needed to 
boil a somewhat thick iron and should take charcoal of willow, fir, poplar, albaro (*) or 
similar trees, even making burn two whole cartloads would not have the force of making it 
boil (…)]2 

 
(*) a Venetian word which names a kind of 3-to-5 meter high evergreen tree. 
 
The types of charcoal to be used in the making of black powder are defined in the tenth 
section of “De la Pirotechnia” (See further) and not in the third section which focus on charcoals 
used for smelting metal ores. Although the author does not write it, charcoals he recommends 
for black powder come from woods of aerial nature, meaning light and soft woods. 
Then Vannoccio BIRINGUCCIO describes two ways of making charcoal (See Figure 5). The 
first one has been used for many centuries and consists in building pyramidal stacks of 6-
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month dried wood, covered with leaves and then earth so that the charcoal kiln is closed 
except for some holes: one at the base to set fire inside and ten to twelve at the top as smoke 
outlets. In the second technique, a pit is dug into the ground, filled with wood and covered by 
layers of leaves and earth, taking care to let a free space in the middle to set fire. Charcoal 
obtained by this second method has a lower quality, except if the combustion of the wood is 
strongly forced by use of powerful bellows. 
 

  
Figure 5 - “De la Pirotechnia” – Making charcoal 

 
Various aspects of metallurgy 
The fourth to ninth sections focus on various aspects of metallurgy in the sixteenth century. 
In the fourth section, the author develops the methods to separate gold from silver “et come si 
conduce à l’ultima sua perfettione”(and how it must be implemented to its ultimate 
perfection). Among other topics, he explains the process to be used in the preparation of aqua 
fortis (nitric acid) and all precautions to be taken to seal vials with finely powdered earth (See 
Figure 6) 
 

  
Figure 6 - “De la Pirotechnia” – Making aqua fortis and preparing finely powdered earth to seal vials 

 
The fifth section presents the alloys that are formed between metals (gold, silver, copper lead 
and tin). With the sixth section – “Dell’ arte del gitti in universal et particolare” (The art of 
casting in general and in particular) – the general methods of making the molds for bronze 
melting and casting are developed, as well as a discussion about the quality of clay that must 
be used. Applications to particular objects – statues, guns and bells – to be cast in bronze are 
then described in detail with a lot of information about some typical aspects of gun molds, 
bell clappers and hanging devices (Figure 7) 
 
In the seventh section, the author gives instructions and sketches to build reverbatory 
furnaces for melting metals by the flames of wood and proposes other methods that could be  



270 

  
Shaping a wooden model for a gun Mold made of clay for bells 

  
Hanging devices for bells Welding a cracked bell 

Figure 7 - “De la Pirotechnia” – Guns and bells 
 
easier to apply according to the size of objects to be obtained by casting melted metals, e.g. 
using heated crucibles and bellows to make fires blaze at the right rate (Figure 8). The 
seventh section ends with the description of methods and tools to finish the cores of guns and 
cast balls (Figure 8) to be shot by such guns (with a mention for Charles, King of France, 
who was the first to import to Italy the art of using iron to make such balls). 
 
“L’arte piccolo del gitto” (the small art of casting) is the subject of the eighth section. By 
these terms it must be understood that the meaning is melting metals to cast relatively small 
objects by comparison with statues, guns and bells in the previous section. In only sixteen 
pages the author makes recommendations on the manner of obtaining fine powders and their 
mixes with binders such as oils or lard and with wetting agents such as urine or wine to make 
molds for casting such small objects, and of making frames or boxes to hold these molds. He 
also gives information and related precautions about the use of salts such as tin, refined 
arsenic, realgar, but also borax, saltpeter and sal ammoniac (ammonium chloride), to make 
metals melt easily and run to every corner of the molds. 

 

  
Shape to be given to the base of furnaces Use of crucibles and bellows 

Figure 8 - “De la Pirotechnia” – Methods of melting metals 
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With the ninth section – “Della pratica di piu eserciti di fuoco” (the practice of various works 
of fire) – the author reviews several techniques that use the energy of fire: alchemy (with all 
the suspicious opinion he has of alchemists), distillation of water and oils, sublimation of 
plants and minerals, minting of metals into coins, goldsmithing, forging and tinning, making 
of pewter utensils, pottery and bricks, metal wire drawing, polishing of brass mirrors (See 
Figure 9). 

 
 

Distillation with condenser Distillation in large quantities 

  
Polishing of brass mirrors Gold wire drawing 

  
Pottery Bricks 

Figure 9 - “De la Pirotechnia” – Various works of fire 

  
Finishing the cores of guns Tools to be used to finish the cores of guns 

Figure 8 (cont’d) - “De la Pirotechnia” – Methods of melting metals 
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Artificial fires 
The tenth section deals with what we use to name “pyrotechnics” today: armaments and 
fireworks. Its title – “Dell’ordini di far fuocchi arteficiati” – announces clearly that, in the 
sixteenth century, the term which is commonly used to name such pyrotechnics is “artificial 
fires” whatever their intended use: in warfare or for festivals. 
 
Saltpeter 
To honor where honor is due, the tenth section starts with the substance which is essential in 
the making of pyrotechnics in the sixteenth century and will remain the only available 
oxidizer until the discovery of chlorates by Claude Louis BERTHOLLET at the end of the 
eighteenth century: “sal nitro” or “salnitro”, the Italian word for saltpeter still in use today. 
 
The first sentence sums up what the craftsmen of that time thought of the nature of saltpeter: 
 
“Il salnitro (come alli luochi delli sali ui dicci) é una mistione di piu sostanze estratto con 
fuoco et acqua di terre arride e lutaminose, ò di quel fiore, che sputan le muraglie nuove, in 
luochi opachi, ò di quella terra che si ritrova smolla dentro tombe, ò dishabitate spelonche, 
ove la pioggia entrare non possa: nelle qual terre (secondo il parer mio) vi si genera 
d’humidità aerea bevuta, et presa dalla terrestre siccita: la cui natura per gli fuoi effetti, 
confiderando, non mi so risolvere à dire, che cosa propriamente sia.” 
 
[Saltpeter (as I told in the chapter on salts) is a mixture of many substances extracted with 
fire and water from arid and manurial soils, from that flowery growth which exudes from new 
walls in opaque places, or from that loosened soil that is found in tombs or uninhabited caves 
where rains cannot enter: in which soil (as it is my belief) it is engendered from an airy 
moisture that is drunk in and absorbed by the earthy dryness: the nature by which it produces 
its effects, I confess, I cannot bring myself to say what its nature exactly is.]2 

 
We now know that saltpeter is not a mixture of substances but a single substance by itself. At 
that time, the origins of the formation of saltpeter were strongly debated and, in the following 
sentences, Vannoccio BIRINGUCCIO gives some indications of the arguments that were put 
forward by “physicists” to link the reactive properties of saltpeter to one of the four elements 
– earth, air, water and fire – they all thought to be the bases of the universe. Although they 
worked hard to purify it, the properties of saltpeter were so impressive and uncommon that 
these properties could only result from its complexity. 
 
Note, in the above quotation, the prudent manner in which the author gives no agreement to 
any of the debated arguments! And, to conclude, he writes: 
 
“talche, per concluder, d’ogni qualità d’elemento pare che tenga predominio” [so that, to 
conclude, it seems that every one of the elemental features is predominant in it] 
 
After this introduction about the nature of saltpeter, the author describes the processes which 
can be used to extract and purify it and then check its reactive properties. The proposed 
process consists in the following steps: 
 

1. Wash the earth which is supposed to contain saltpeter with water and recover such 
used water in a bucket. 
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2. Taste the water with your tongue to check whether its salinity – or its acidic bite – is 
acceptable (“A volere bavere il saggio, se é buono, su puo co’l gusto della lingua 
assagiar s’é mordace…”) 

3. If not, repeat steps 1 and 2 until the salinity does not increase and then is acceptable. 
4. Boil the water until it loses one third of its volume. 
5. Add a mixture of lime and rock alum and then boil again until the water foams at its 

surface and concentrates enough for a solid substance to precipitate when the water 
cools. 

6. Let the precipitate rest during three to four days in a wooden container. 
7. Spread it on a table in thin layer and let it dry 
8. Pour a mixture of lime, cinders, rock alum and water on it and heat the whole 

mixture until it foams and takes the aspect of a liquor. 
9. Filter it and heat it in order to concentrate it as much as possible. 
10. Let it cool so that a nice white precipitate appears which is much purer than that at 

the end of step 5. 
11. Place this precipitate in a big iron or copper-made vase and heat it until it melts. 
12. Check its reactivity by sprinkling sulfur on its surface: it must burn immediately and 

be totally consumed. 
13. When the melted saltpeter solidifies, separate the white marble-like substance from 

the layer of impurities that has formed at its bottom and keep it to make black 
powder. 

 
The above process looks quite complicated but gives a very good saltpeter according to the 
author. 
 
Black powder 
Second in order of importance is the “polvere che si adopra alle artigliarie” – the powder 
that is used for guns – or simply “polvere delle artigliarie”, which is not yet called “polvere 
nera" (black powder). 
 
Starting by attributing its invention to the devils because of the unhealable harms it can make 
to humans, the author links - in a long exposé - the impressive performance of black powder 
to the powers of the four elements: earth, water, air and fire: 
 
“diro dell’amiration grande (...) che tel compositione in si poca quantità di materia un tal 
subito, et repentino effetto faccia, come fa : (...) ma per quel che si vede, sono tutti 
proportionati à un certa sottil siccità, atta à introdurvi facilmente il fuoco : et introdotto, 
moltiplicarvilo con certa ragione che li Philosophi hanno, con sperentia, ritrovata, e 
scrivendo, hannocila dimostra, co’l dirci, ch’essi sanno, ch’una parte du fuoco occupa il 
luoco per dieci d’aria, et una d’aria, per dieci d’acqua: et una d’acqua, per dieci di terra : 
per il che, essendo la polvere cosa corporea, e terrestre, composta di quattro elemental 
potentie, et essendo introdotto in fuoco per mezzo del solfo nella maggior parte della sua 
arridezza, fa una tanta, et tal moltiplication d’aria, et di fuoco, facendo con l’humidità, et 
terrestreità sottile un vapor grosso acceso” 
 
[I shall tell of the great astonishment (…) at the fact that this composition in so small a 
quantity of material can produce as it does so sudden and violent an effect (…) but as far as is 
seen, all are proportioned to a certain subtle dryness ready to introduce fire easily, and when 
it has been introduced, to multiply it in a certain measure which the Philosophers have 
discovered by experiment and have shown in writing, telling us that they know that one part 
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of fire occupies the space of ten parts of air, and one of air that of ten of water, and one of 
water that of ten of earth: therefore, since the powder is a corporeal and earthly thing, 
composed of four elemental powers, when the fire is introduced by means of sulfur into the 
part of its greatest dryness, it makes a great a multiplication of air and fire, producing with 
the moisture and subtle earthiness a thick burning vapor]2 

 
We are still far from a chemical approach, which is not the main concern of the craftsmen of 
that time under the influence of alchemists and their symbolic, even “philosophical”, 
approach of natural phenomena. 
 
Follows the description of procedures of making black powder. Made of “tre simplici soli, 
salnitro, solfo et carbone” – three simples only, saltpeter, sulfur and charcoal – that must be 
exempt of any “terrestreita grossa” – meaning large impurities – black powder must be 
mixed in proportions that depends on its final use: 
 

 for the common gunpowder (“polvere commune”): three parts of saltpeter, two parts 
of charcoal from willows mixed and grinded with one part of sulfur; 

 for the black powder to be used by the middle-range artillery (“polvere per 
l’artiglarie mezzane”): five parts of saltpeter, one and a half part of charcoal and one 
part of sulfur, subtly incorporated in order to obtain dry granules; 

 for the black powder to be used in harquebuses (“polvere delle archibusi”): ten parts 
of saltpeter, one part of charcoal from walnut-trees and one part of sulfur; 

 alternative recipe for the last application: thirteen parts of saltpeter, two parts of 
charcoal and one and a half part of sulfur. 

 
While the two first black powders must be kept dry, the third ones – because of their easy 
inflammability when charged by hand – must contain some moisture that can be obtained by 
wetting the composition with vinegar or solutions of alcohol and camphor: static electricity 
was still unknown. The author recommends the use of water only, taking into account the 
very large percentage of wetting additive which has no impact on the performance of such 
wet black powder. 
 
Here it appears that the type of charcoal that must be used in black powder is different from 
the one that is recommended to smelt ores and metals. It must come from soft and tender 
woods and the author cites charcoals made from vine shoots, hazels, young elders, laurels, 
reeds, pine cones… 
 
A good black powder must be black and loose, and flow subtly through one’s fingers.  
 
Military pyrotechnics 
Nine chapters – meaning a large part of the tenth section – deal with what we call now 
military pyrotechnics. In the sixteenth century, which was not a peaceful period, the main 
applications of black powder and other combustible mixtures such as pitch-based 
formulations concern blast, incendiary, fearing effects and inert or burning projections, 
breakable, explosive balls that can be used to defeat and kill enemies, destroy bridges, castles 
and fortresses. 
 
Vannoccio BIRINGUCCIO gives the description of various types of armaments and 
munitions, all involving the power of powders in terms of flames and heat, noise, pressure 
and shattering properties. He starts with recommendations to load guns with the proper 
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quantity of powder “perche la forza del tirar dell’artigliaria procede dalla polvere, et non 
d’all artigliaria” [because the force of gun firings comes from the powder and not the gun] 
and practical methods to assure the correct hit of targets. 
 
The six types of military pyrotechnics that are presented afterwards by the author announce in 
some way different designs that will be used later in the design of fireworks. For instance, in 
the description of buried mines, he mentions a kind of pyrotechnic fuse that looks like a 
precursor of black match (See Figure 10). It consists of a cotton thread, boiled in a mixture of 
vinegar, sulfur and saltpeter (“a buono e grosso stoppino di bambagia storta, bollita in aceto, 
solfo, et salnitro”). In Figure 10, what we see snaking in the tunnel which leads to the buried 
mine is not that “match” but a trail of black powder. The “match” can be seen winding under 
the two rows of barrels filled with black powder that make the mine. It is covered by a well-
dried black powder to transmit the fire at a high speed to the whole lot of barrels. 
 
The second example is the “lingue di fuoco” – the “tongues of fire”. Their design prefigures 
the fountains that will be used quite commonly in the firework shows of the eighteenth 
century. They consist of “canne di carta sopra una forma di legno, fatte à modo di razzi, (...) 
pieni di polvere grossa, fra laquale mescolarete pezzetti di pece greca, di solfo, grani di sal 
commune, limature di ferro, et vetro pisto, arsinico cristallino, et simili” [paper tubes placed 
on wooden bases, in the same way as rockets, filled with coarse black powder, with which 
you will mix pieces of Greek pitch, sulfur, grains of common salt, filings of iron, and crushed 
glass, crystalline arsenic, and similar materials] and “con la loro forma medesima, oltre al 
férarle da piedi, siano ben calcite, et piene” [with the same forming block, by the force of the 
feet, they are well compressed, and full]. These “lingue di fuoco” are then fastened at the top 
end of the spears of soldiers to scare enemies or set fire to houses (See Figure 11, left). 
 

 

 

 

Figure 10 - “De la Pirotechnia” – A precursor of black match 

  
Lingue di fuoco Trombe di fuoco 

Figure 11 - “De la Pirotechnia” – “Lingue” and “Trombe di fuoco” 
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With the third example, the “trombe di fuoco” – the “fire tubes” – the author describes a more 
complex design at midpoint between roman candles and multi shot tubes and mines. The 
“trombe di fuoco” throw balls of various types – pebbles or black powder charges – in a 
succession of shots. The author presents one of such articles, containing charges of black 
powder based mixtures that are projected one after the other. 
 
“(...) principalmente, vi metterete quattro deta di buona polvere d’artigliaria nel fondo,et 
drieto vi metterete poi una palletta di stoppa, ò di stracetti di tela, nel tui mezzo fiavi 
alquante di buona, et fina polvere, con uno, ò dua buchetti : laqual coprirete di raggia di 
pino, et solfo, mistovi alquanto di polvere : et drieto a questa poi vi metterete quatro deta di 
polvere grossa, composta con pece negra, vitro pesto, sal commune grosso, salnitro mal 
pesto, et segatura d’olmo secco, ò scaglia di ferro alquanto trita: et postovi ogni cosa dentro, 
vi battereti alquanto sopra co’l calcatoio: drieto a questa, vi metterete dua deta di fina 
polvere, battendovi sopra : et drieto poi, vi metterete un’ altre palletta, fatta nel medesimo 
modo : et cosi di quattro deta in quattro deta andarete empiendo tutta la tromba infino la 
bocca : (...)” 
 
[(…) first, put four ‘fingers’ of good gunpowder in the bottom, and then above put a wad of 
oakum or cloth rags, filled in with good and fine powder, with one or two small holes: cover 
it with pine resin and sulfur, mixed with some powder: and then above put four ‘fingers’ of 
coarse powder, composed of black pitch, crushed glass, coarse common salt, roughly crushed 
saltpeter, and sawdust of dry elm or ground iron scale: and all things being inside, strike on 
them with a ramrod: above all these, put two ‘fingers’ of fine powder and strike on it: and 
then above, put another wad make in the same manner: and so four ‘fingers’ by ‘four fingers’ 
fill inside the whole tube up to the muzzle (…)]2 

 
Figure 11, right, shows such “trombe di fuoco” at some steps of its making: the tubes are 
made of wood in two parts that are assembled before loading, wrapped with steel wire (each 
loop lying against the other) and hooped by means of iron rings. 
 
The last example of interest is the “pignatelli di fuoco” – literally small pine cones of fire – 
which are designed to the thrown by hand or by means of catapults. These articles have 
various designs at midpoint between bengal flames and shells. 
 
A first type consists of a piece of earthenware (Figure 12) in the shape of a vase filled with a 
mixture of coarse black powder (50%), crushed sulfur (33%) and Greek pitch (“questi si 
empiono di polvere grossa un poco piu di mezzi et fra essa polvere mischiasi pece greca 
pesta et di solfo pesto al manco il terzo”). The article is closed by a layer – one finger thick – 
of a mixture of lard and of the above composition. This layer plays the double part of 
preventing the composition to flow out and of delaying its ignition so that the main effect 
only occurs at the distance of projection. 
 
The vase may be replaced by a bag made of linen and wrapped with tightened strings as will 
be the first firework shells and still are some traditional shells today. 
 
In a second type, the above composition is replaced by smooth pastes usually made of lard, 
petroleum, sulfur oil, reactive sulfur, twice refined saltpeter, eau-de-vie, Greek pitch, 
turpentine and coarse black powder (“grasso porcin, oglio petriolo, oglio di solfo, solfo vivo, 
sanitro due volte raffinato, acqua vite, pece greca, termentina et aliquante di plover grossa”). 
Such is the list of the available ingredients of the pyrotechnic mixtures of that time, without 
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forgetting charcoal, black pitch, alchitran (resin flowing from fir-trees), tartar, balsam of 
sarcocolla, juniper oil, goose fat, asphalt, powdered dove droppings … all substances 
Vannoccio BIRINGUCCIO mentions as usable in the making of “fuochi lavorati” (fireworks) 
or “fuochi artificiati” (artificial fires). 
 

 
Figure 12 - “De la Pirotechnia” – “Fuochi artificiati” 

 
… and fireworks! 
Vannoccio BIRINGUCCIO could not forget that, already at his time, “fuocchi lavoratori” 
were also used to entertain the people on the occasion of feasts organized by the kings, 
princes, popes, etc. to demonstrate their power and celebrate victories as well as to 
commemorate saints or every other type of event of importance: “fuocchi lavoratori (…) che 
si fanno à letitia, et piacevolezza, quali (per contrario) in cambio di sciffarli, invitano li 
popoli à desiderar di vederli” [fireworks (…) which are made for happiness and pleasure, 
which (on the contrary) instead of fleeing, make the people willing to watch them] 
 
So he describes in detail the way “fuocchi lavoratori” were set up and fired on those 
occasions, based on the example of a firework show he attended: 
 
“ma tal edificio costumasi far di legnami, anzi far non si poteva senza tal intessimento, per 
conporli perche (coperti) s’ingrossavan, e riducevano alli termini, con legarni, e strignervi 
fieno per di sopra e poi carta impastata, et à propositi dipinta : erano primamente queste 
fatte d’una compositione di vasi, l’uno sopra l’altro, con varii nascimenti di cose, et ornati di 
figure di rilievo, accio che rappresentassero qualche fabuloso senso, ò historia, perche non 
paresse cosa à caso fatta, ò senza intenderla : hor queste tal figure, et componimenti il 
maestro l’andava dispensando, secondo l’arte, et ingegno del suo dissegno : et in simile 
facena nelle operationi delli fuochi, secondo che egli volena che demonstrassero, ò che gli 
venesse à proposito : mettovane poi di diversificati, in alcuno loco soffioni, in alcuni trombe 
con palle, girandoli, lumiere, flamme, schioppi, et altri simili effetti : ma finalmente 
acconciava ogni cosa con stoppini di bombagia bolliti, et polvere, per dargli fuoco : et la 
sera, da poi che s’era cerso il pallio, dopo cena, verso la notte à una, ò due hore, ui 
s’appiccana il fuoco, per via d’un stoppino principale, qual toccava tutte quelle cose, chi sui 
erano da facilmente accender il tutto, si come ui diro : accioche non ne havendo mal piu 
veduto, come forsi ancho non n’havete, et sentendo dire girandola, comprendere possiate che 
cosa fussero (...)” 
 
[but such construction was commonly made of wood, making it without such latticework is 
not possible, covered and enlarged by tying and fastening hay on top to bring it almost to 
completion, and then by papier-mâché, and painted purposely: first made of a combination of 
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vessels, one above the other, with various apparitions of objects, and decorated with figures 
in relief, and which represented some fable or story, not to seem haphazardly made or 
without understanding: now the ‘maestro’ proceeded to arrange these figures in a 
composition, according to the art and his ingenious design, and in a similar manner planned 
the operations of fires, according to what he wanted to display or seemed fitting to him: then 
he placed various kinds (of fireworks), here squibs, there fire tubes with balls, girandoles, 
lights, flames, crackers, and other similar effects: finally he provided all these with matches 
made of boiled cotton and powder, for ignition: and at night, when ‘il pallio’ (the famous 
horse race at Piazza del Campo in Siena) was run, after dinner, in the first or second hour of 
the night, he set fire, by means of a master match, which touched all things and made 
everything ignite easily, so to speak: if you have not yet seen it, as maybe you also haven’t, 
and having heard ‘girandole’, you will possibly understand what that thing is (…)]2 

 
… and the author to conclude “ne durassino tanto che un amante donasse un bascio, et forsi 
manco, alla sua donna” [it endured no longer, and maybe even not, than the kiss of a lover 
for his lady] ! 
 

 
Figure 13 - “De la Pirotechnia” – “Girandoles” 

 
The above quotation let understand that military pyrotechnics such as the ones that were 
presented in the previous sections of “De la Pirotechnia” were part of the fireworks shows of 
that time, but also some articles specifically designed for entertainment, such as the girandole 
(Figure 13) which impressed so much the author. None of these specific articles are described 
by Vannoccio BIRINGUCCIO, except for some information about the compositions of 
“lumiere” (lights) he obtained from the ‘maestro’ who prepared and fired them during the 
reported show in Siena: 
 
“(...) per questo facevasi di quelli razzi, che si vedessono nell’aere : quali, poi ch’erano finiti, 
parca che ne partorissono quattro, ò ser : et facilmente faceano varie polveri che ui 
accedesson il fuoco, et insiememente da dieci, ò a quindeci lumiere, fatte di questa 
compositione, cioé, trementina, ragia di pino, pece navale et polvere d’artigliare, con 
segatura di lauro secco : et per concluder, à cotal machina danano il fuoco con stoppino 
fatto di bombagia bollita in aceto, con solfo, polvere, et salnitro (...)” 
 
[(...) therefore they made some of these rockets which, no sooner were they extinguished than 
they seemed to give birth to four or six others in the air: likewise they made various powders 
that took fire, and ten or fifteen lights together, made out of a composition, namely, of 
turpentine, pine resin, ship’s pitch and artillery powder, with sawdust of dry laurel: and to 
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conclude, they set fire to such contrivance with a match made of cotton boiled in vinegar, 
mixed with sulfur, powder, and saltpeter (…)]2 

 
Here and in the previous quotation, we find again the type of match which was already 
mentioned in the description of buried mines used in warfare. Likewise, the composition of 
the “lumiere” (lights) uses the same components as the military “pignatelli di fuoco”. 
Fireworks and military pyrotechnics are not distinct in the mind of the practitioners of the 
sixteenth century. 
 
… and again about the “razzi” (rockets) that were fired: 
 
“(…) al terzio giro poi, tirano molti razzi; longhi un palmo, che tengano dalle tre alla 
quattro oncie di polvere l’uno, et questi son talmente ordinati, ch’ancho dapoi che son 
andanti in alto con una longa coda, et ove pare che egli habbino finito, schioppano, et 
mandano fuori sei over otto piccoli razzi per ciascaduno (...)” 
 
[At the third round they shoot many rockets, a ‘palm’ long, which hold three to four ounces 
of powder each, and these are constructed so that, after they have moved upwards with a long 
tail and seem to be finished, they burst and each one send forth anew six or eight small 
rockets.]2 

 
Rockets were quite common in fireworks shows in the sixteenth century as well as in warfare. 
Their ability to burst and expel sub charges was not fully new. Let us remember that the 
principle of multistage rockets had been invented in the same years, between 1529 and 1556, 
by the Austrian military engineer Conrad HAAS, which shows that the pyrotechnists of that 
time were not afraid to imagine and develop complex designs of fireworks. 
 
On the fire that consumes without leaving ashes … 
For the rational minds of the scientists of our times, the last chapter of the tenth section is 
quite unexpected and extends the range of the art of fire to the field of human feelings and 
poetry. It may also be found surprising that it concludes the section devoted to pyrotechnics 
but the artistic and entertaining aspect of firework displays surely makes a bridge between 
chemistry and aesthetic emotions and happiness, doesn’t it? 
 
No, it does not deal with nitrocellulose which was only discovered by Henri BRACONNOT 
in 1832 and the smokeless powders that were only invented by Paul VIEILLE in 1884! In the 
sixteenth century, no one would have imagined that smokeless and/or ash-free fires could 
exist. 
 
What Vannoccio BIRINGUCCIO introduces in five pages in the last chapter of his book is 
the “potentissomo fuoco d’amore”, the most powerful fire of love, that fire of which “non 
dirò in lontano paese, ò per udita, mal nel mio petto, che propria incension il cognobbi : per 
il che compresi, questo sopra tutti quelli, che di fuoco tengon il nome, molto maggior assai, 
chiamar si possa” [I will not say that I knew of it in far-off countries or by hearsay, but in my 
own breast which has known its own inflammation, by which I esteem it as much more 
intense than all the other fires that are called by that name.]2 

 
Follows a quite long description of the positive and negative effects of love for humans but 
also its unavoidable occurrence for all living creatures, be they emperors and kings, rich or 
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poor people, humans or animals… Being of spiritual nature, it surpasses the fires of Hell as it 
surpasses all the fires that were exposed in the previous sections of the book. 
 
It must be remembered that Vannoccio BIRINGUCCIO writes his book at the end of the 
“Rinascimento” – the Italian Renaissance – which started in the fourteenth century when the 
three famous poets, Dante ALIGHIERI (1265-1321), Francisco PETRARCA (1304-1374) 
and Giovanni BOCCACIO (1313-1375), wrote poems of love in honor of inaccessible or 
idealized ladies: 
 

tu stai nelli occhi ond’amorose vespe 
mi pungon sí, che ’nfin qua il sento et ploro, 
et vacillando cerco il mio thesoro, 
come animal che spesso adombre e’ncespe 
 
[you linger around bright eyes whose loving sting 
pierces me so, till I feel it and weep, 
and I wander searching for my treasure, 
like a creature that often shies and kicks] 

 
(Francisco PETRARCA – 227th sonnet)5 

 
 

OTHER PYROTECHNIES? 
 
Having taken knowledge of all the techniques which use the power of fire, Vannoccio 
BIRINGUCCIO encompassed in his book, including the “fuoco d’amore”, it seems that 
nothing was forgotten and nothing else could be added. Yet it is wrong and the author could 
have included what the French doctor Pierre François PERCY named “Pyrotechnie 
chirurgicale” – chirurgical pyrotechny – in the book he published in 1794: “Pyrotechnie 
chirurgicale pratique ou l’art d’appliquer le feu en chirurgie” 6 [Chirurgical pyrotechny of 
the art of applying fire in chirurgy” (See Figure 14) 
 
In this book of 358 pages, the author presents various methods that can be used to cauterize 
wounds by means of hot instruments on the different parts of the human body. Such 
techniques were already used in the sixteenth century and, when dealing with military 
pyrotechnics, Vannoccio BIRINGUCCIO may surely have heard of them. Why didn’t he take 
it into account? The answer will remain open… 
 
Writing that “le feu fut le dieu et le remède des premiers âges du monde” [fire was the god 
and remedy of the first ages of the world], PERCY defines the verb “cautériser” – to 
cauterize – as follows: 
 
“Cautériser, c’est appliquer, sur une partie quelconque, le feu pur, le feu mis en action, et 
communiqué à un intermède capable de le retenir et de le transmettre” 
 
[To cauterize consists in applying, on any part (of the body), pure fire, initiated fire, and 
transferred to an intermediary able to keep and transmit it] 
 



281 

 
Figure 14 – Title page of PERCY’s “Pyrotechnie chirurgicale” 

 
Then he refers to his experience of various problems he met in using this technique, mainly 
smokes that blur the sight of the work to be done. Presenting a technique consisting in 
applying hot consuming cotton cones or cylinders – called “moxa” – to painful parts of the 
body, he mentions an improvement he found to solve that last difficulty: 
 
“(…) j’ai toujours observé combien il est difficile de consumer, jusqu’à la fin, les cônes et les 
cylindres de coton ; combien est tardive est tardive la ventilation à l’aide de la feuille de 
carton ou avec l’éventail ; et combien on est incommodé par la fumée, lorsqu’on veut souffler 
avec la bouche ; en conséquence, j’ai pris le parti d’enfermer le coton, ou le combustible que 
je lui préfère, dans une portion de cylindre de carton, pareil à celui des fusées volantes, mais 
un peu plus large. (…)” 
 
[(…) I always observed how it is difficult to burn, until the end, the cotton cones and 
cylinders; how the ventilation with the cardboard sheet or the fan is late; and how one is 
incommoded by smoke, when one wants to blow air with the mouth; consequently, I took the 
decision to enclose cotton, or the combustible I prefer to it, in a portion of cardboard cylinder, 
similar to that of flying rockets, but a little bit wider] 
 
and he adds: 
 
“Fabrice d’Aquapendente se servoit quelquefois, pour cautériser, de mêche de canons, 
chôrda sclopeti. C’est lui qui m’a donné l’idée de substituer au coton cette substance qui lui 
est bien supérieure, lorsqu’on l’a éfilée et réduite à un état lanugineux ; elle brûle 
complètement, sans interruption, et donne un feu très vif. C’est l’effet du nitre dont elle est 
imprégnée ; et l’on obtiendroit d’excellens combustibles pour l’application du moxa, soit de 
la charpie, soit des étoupes ou du coton, etc. si on les faisoit pareillement bouillir dans une 
forte dissolution de ce sel.” 
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[Fabrice d’Aquapendente sometimes used, to cauterize, gun match, chôrda sclopeti. He gave 
me the idea of replacing cotton by this substance which is much superior to it, when one has 
spun it and given it a wool-like aspect; it burns completely, without interruption, and gives a 
very brisk fire. It is the effect of saltpeter it is impregnated with; and one would obtain 
excellent combustibles to apply moxa, either from shredded linen or from oakum, etc. if one 
made them boil in the same way into a strong solution of that salt.] 
 
In another technique, hot iron instruments are applied on wounds to burn the hurt skin 
superficially to prevent further infection. Such instruments (See Figure 15) need to be heated 
to temperatures at which iron takes a deep reddish color and this state was obtained by 
placing the appropriate end of these tools in charcoal fires. PERCY comments on the quality 
of charcoal to be used as follows: 
 

 
Figure 15 – PERCY’s “Pyrotechnie chirurgicale” – Cauteries 

 
“Cependant il n’est point indifférent de se servir de toutes sortes de charbon : celui de terre, 
par exemple, est très mauvais, parce qu’il fournit une crasse terreuse et vitrifiable qui 
s’attache aux cautères, les rend âpres et raboteux, et ne s’en sépare que très difficilement. 
Ceux de bois, et de bois dur surtout, sont les seuls dont il faille faire usage ; et on est sûr de 
tirer de leur ignition tous les degrés de chaleur dont on aura besoin. Mais pour obtenir ces 
nuances douces, gradus accensionis loues, que nos pères espéraient trouver plus aisément 
dans l’emploi de charbons de bois tendre, il faut, au lieu de les chercher, comme eux, plus ou 
moins près de l’état d’embrasement du cautère, savoir les fixer en descendant plus ou moins 
de cet état d’embrasement à celui de refroidissement ; c’est-à-dire, commencer par faire 
rougir le cautère, et le tenir ensuite hors du feu, jusqu’à ce qu’il ait repris sa couleur, et qu’il 
ait perdu de sa chaleur ce que l’on désire lui en ôter.” 
 
[However it is not indifferent to use any type of coal: the one which is extracted from the 
ground, for instance, is very bad, because it generates a gritty and glaze-able slag which 
sticks to cauteries, makes them rough and rugged, and separates only with great difficultly. 
Charcoals, those of hard wood, are the only ones that must be used; and one is sure to obtain 
from their ignition all the degrees of heat one needs. But to obtain gentle nuances, gradus 
accensionis loues, our fathers hoped to find more easily in the use of soft wood, one must, 
instead of searching for these nuances, like them, more or less near to the state where the 
cautery inflames, know to determine them by getting more or less from this inflammation 
state down to the cooling state; in other words, starting with making the cautery glow and 
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them keeping it out of the fire until it recovers its color and loses the quantity of heat that one 
wishes to remove from it.] 
 
All the above quotations from PERCY’s book remind us of the techniques Vannoccio 
BIRINGUCCIO already described in “De la pirotechnia”. On one hand, it may explain why 
PERCY used the word “pyrotechnie” in the title of his book; on the other hand, it shows that 
pyrotechnic materials had not made much progress since the sixteenth century. It will need to 
wait till the discoveries made by Antoine LAVOISIER in chemistry and their application to 
pyrotechnics by Claude-Fortuné RUGGIERI at the very end of the eighteenth century to see 
the scientific and technical situation move quickly towards the modern and innovative 
pyrotechnics which look familiar to us today. 
 
 

FROM BIRINGUCCIO TO MODERN TIMES 
 
The extensive meaning Vannoccio BIRINGUCCIO gave to “Pirotechnia” seems to have 
started to become more limited in the eighteenth century. The definition of the word 
“pyrotechny” that Ephraïm CHAMBERS gives in “Cyclopaedia” (1728) still includes a large 
part of the techniques described by Vannoccio BIRINGUCCIO but already show a certain 
move to the understanding we have of pyrotechnics today. The author mentions first 
“Military Pyrotechny” contrary to Vannoccio BIRINGUCCIO who ranked armaments and 
fireworks at the end of his book. Here is the entry for “Pyrotechny” that can be found in 
“Cyclopaedia” 7: 
 

“PYROTECHNY, PYROTECHNIA, The Art of Fire; or a Science which teaches 
the Management and Application of Fire in several Operations. See FIRE. 
 
This Word is formed from the Greek, πυρ, Fire, and τεχνε, Art. 
 
Pyrotechny is of two kinds, Military, and Chymical. 
 
Military PYROTECHNY is the Doctrine of Artificial Fire-Works and Fire Arms; 
reaching the Structure and Use both of those used in War for the Attacking of 
Fortifications, etc. as Gun Powder, Cannons, Granadoes, Carcasses, Mines, Fusées, 
etc. and those made for Amusement-fake; as Rockets, stars, Serpents, etc. See FIRE-
Arm, ORDNANCE, etc. 
 
Some call Pyrotechny by the name Artillery; though that Word seems confined to 
the Instruments used in War. See ARTILLERY. 
 
Others choose to call it Pyrobology, q. d. the Art of Missile Fires; from the Greek, 
πῦρ, Fire, and βαλλειν, to cast, throw. See GUNNERY, PROJECTILE, etc. (…) 
 
Chymical PYROTECHNIA, is the Art of managing and applying Fire, in 
Distillations, Calcinations, and other Operations of Chymistry. See CHYMISTRY 
and OPERATION. 
 
Some reckon a third kind of Pyrotechnia, viz. the Art of fusing, refining, and 
preparing Metals. See METAL, FUSION, REFINING, etc.” 
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Later, in “L’Encyclopédie” 8 published in France by Denis DIDEROT and Jean Le Rond 
D’ALEMBERT between 1751 and 1772, “pyrotechnie” is still defined as the “art of fire”, but 
is limited to its chemical aspects and “artificial fires": 

“PYROTECHNIE, art du feu ; mot composé de πῦρ, feu, & τεχνε, art. C'est un des 
noms que porte la Chymie en général (voyez CHYMIE), & l'art des feux d'artifice en 
particulier. Voyez ARTIFICE. (b) 
 
PYROTECHNIE MILITAIRE, (la) est celle qui enseigne la manière de faire toutes 
sortes d'artifices & d'armes à feu ; qui apprend la composition de tout ce qui est 
nécessaire pour battre une place, comme canons, mortiers, bombes, grenades, 
carcasses, mines, brûlots ; & comprend même la fabrication d'ouvrages à feu qui ne 
servent que pour le divertissement, comme les fusées, les pétards, les pots & les 
lances à feu. Voyez ARMES A FEU, &c. 
 
Quelques-uns donnent à la Pyrotechnie le nom d'Artillerie, quoique ce dernier terme 
semble être consacré aux armes destinées aux usages de la guerre. Quelques-uns 
aiment mieux l'appeller Pyrobologie, comme qui diroit feux missiles, des mots grecs 
πῦρ, feu, & βαλλειν, lancer, jetter.” 

 
[PYROTECHNY, the Art of Fire, formed from the Greek, πῦρ, fire, and τεχνε, art. It is one 
of the names chemistry is generally given (See CHEMISTRY), and peculiarly the art of 
fireworks. See FIREWORKS (b). 
 
MILITARY PYROTECHNY is the one which teaches the manner of making every sort of 
fireworks and fire-arms; which teaches the composition of all that is necessary to defeat a 
stronghold, such as cannons, mortars, bombs, grenades, carcasses, mines, fire pots; and also 
includes the manufacture of fire-works that are only used for entertainment, such as rockets, 
bangers, mines and lances. See FIRE-ARMS, etc. 
 
Some call Pyrotechny by the name Artillery, though that word seems dedicated to the 
weapons intended to be used in war. Others prefer to call it Pyrobology, as one could say 
missile fires; from the Greek words, πῦρ, fire, and βαλλειν, to cast, throw.] 
 
Still, in the 18th century, fireworks are part of military pyrotechny. All the authors do not 
differentiate between the use of pyrotechnics in war and for entertainment. It may be 
considered as a survival of the initial intention of firework displays to celebrate the 
sovereigns’ victories and then to simulate the ambience of battlefields. But, much more than 
that possible explanation, the authors’ approach is mainly technical and, from that viewpoint, 
military and festive pyrotechnies exhibit similar designs – such as mines and rockets – and 
use similar, if not the same, reactive materials among which is gunpowder. The dual 
character of pyrotechny is an undisputable fact and, in some way, it is still true today. 
 
Vannoccio Biringuccio himself had the same approach as witnessed by the title he gave to the 
tenth section of the first Italian edition of De la pirotechnia (1540): “Delle materie artificiali 
disposte a fuochi et delli ordini che si tiene a fare chelli che il vulgo chiama lavorati per 
adoperare nelle offese et diffuse delle guerre o per allegrezze nelle feste” [On the artificial 
materials suitable to make fires and the procedures followed in making those which people 
call ‘worked’ (= fireworks) to be used to make offences and to spread war or to provide 
entertainment in feasts]. 
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Consequently – following Ephraïm CHAMBERS who, in his “Cyclopaedia” (1728), 
considers it as the “Doctrine of Artificial Fire-Works and Fire Arms” – military pyrotechny is 
the “art of artificial fires” whatever such artificial fires burn and/or explode, and it covers 
the whole range of effects that are used in war as well as in festive events. “Fire” is then used 
in its largest meaning. 
 
In fact, at the same time, more and more printed publications present exhaustive descriptions 
of the various techniques and chemical formulations of reactive mixtures that can be used to 
make “artifices” or “fireworks” either for entertainment or for war. The growing occurrence 
of the terms “pyrotechnie” or “pyrotechny” in their titles, in lieu of or together with “feux 
d’artifices” or “fireworks” that were quasi only used until the end of the 17th century proves 
that “pyrotechnie” or “pyrotechny” (and later “pyrotechnics”) is more and more understood 
as the whole set of knowledge, techniques and processes that are necessary to make, 
handle and use pyrotechnic materials and objects, whatever their purpose: 
“Feux d’Artifice qui font leur effet sur terre, dans l’air et sur l’eau”, “Feux d’Artifice qu’on 
peut adapter aux Aérostats”, “Feux d’Artifice pour le Théâtre” and “Feux de guerre” 
[Fireworks that produce their effect on the ground, in the air and on the water, Fireworks that 
can be fitted to balloons, Stage Fireworks and War fires] as Claude-Fortuné RUGGIERI 
classifies the “artifices” in the first edition of the book “Elemens de Pyrotechnie” 9 that he 
published in 1802. 
 
In France, from that period of time when chemistry was developing, the term “pyrotechnie”  
expanded its meaning with all the new formulations and substances that are discovered as the 
result of important breakthroughs in chemistry as well as some new applications that they 
make possible. With the discovery of the first highly energetic molecules, the term “explosif” 
comes out into the vocabulary of “pyrotechnie” and still belongs to it today in the French 
common usage of the term “pyrotechnie”. At the same time, the word “artifice” becomes 
restricted to all that burns or deflagrate to produce heat, gas, light, smoke and sound or a 
combination of these effects. A differentiation between the “artifices” that are used for festive 
events and those that are used in other fields such as military, aerospace, rescue, etc. is then 
made by adding qualifying terms to build phrases such “artifices de divertissement” 
(entertainment fireworks), “artifices militaires ou de défense” (military or defense 
pyrotechnics), “artifices aérospatiaux” (aerospace pyrotechnics), “artifices de signalisation 
ou de détresse” (pyrotechnic signals, distress signals), etc. 
 
On the contrary, in the Anglo-Saxon world, “pyrotechny” became more and more obsolete 
and was replaced by “pyrotechnics” with a meaning that moved from the definition the 
Webster Dictionary gave in its 1828 edition: 
 

“PYROTECHNICS, PYROTECHNY, n. [supra.] The art of making fire works; or the 
science which teaches the management and application of fire in its various operations, 
in gunnery, rockets, etc.” 

 
to a definition that excludes “explosives” and “propellants” as main effects (however possibly 
as secondary effects in ignition trains or for the purpose of propulsion) 
 
This understanding has been adopted by most of the international regulations including the 
European Directives 2007/23/EC and 2013/29/EU10 which define “pyrotechnic articles” as 
follows: 
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“‘pyrotechnic article’ means any article containing explosive substances or an explosive 
mixture of substances designed to produce heat, light, sound, gas or smoke or a combination 
of such effects through self-sustained exothermic chemical reactions” 
 
It must also be noted that, in France, “pyrotechnie” also refers to a facility where pyrotechnic 
articles are manufactured or a display of fireworks as a synonym of “pyrotechnic show”. 
 
 

CONCLUSION 
 
Four editions in Italian, one translation in French and a partial one in English made 
Vannoccio BIRINGUCCIO’s book, “De la pirotechnia”, widely available in Europe in the 
sixteenth century. It shows the importance of the “arts of fire” at that time, which have never 
decreased since then. However, a large part of the techniques that were described by the 
author took their relative independence (although they might keep links of mutual technical 
or commercial interests), under names that characterized them more precisely as fully 
consistent fields: mining, metallurgy, founding and casting, gunnery, distillation and… 
pyrotechny which became limited to propellants, explosives and pyrotechnics as we 
understand these last three terms today. 
 
“Pyrotechny” is not often used at present in the English language where “pyrotechnics” is 
preferred, but its equivalents still remain in common use in many other languages, with 
possible variations in the techniques they encompass. Their original origin – “pirotechnia” as 
Vannoccio BIRINGUCCIO chose to call the whole “arts of fire” – must remind us that 
improvements and innovation mainly come from exchanges, even unexpected encounters, 
among distinct technical domains provided that one keeps open-minded as Vannoccio 
BIRINGUCCIO probably was. 
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ABSTRACT 
 

A good firing system must guarantee safety, robustness and reliability. An excellent firing 
system must do all that at a high level of technical performance and by rapid-response and 
user-friendly remote control. 
 
The aim of this paper is to illustrate the characteristics of the new version of the 
hardware/software system PyroLEDA® Supermaster. The system is based on two important 
technological innovations: first, the massive use of hierarchical parallelism in digital 
communication in all control phases without any negative impact on the speed of data 
transmission, and second, the optimization of the “Hybrid” model among various 
communication vectors. Thanks to these features, the system has no limits in terms of 
performance and flexibility of use and is ideal for advanced artistic requirements, including 
very large displays. The new version also enhances the energy performance and intrinsic 
safety features already characteristic of the system. 
 
This new combination of advanced technological development and tried and tested features 
has opened the way to a variety of high-performance functions such as: extremely rapid 
diagnostics regardless of the number of cues, advanced functions and the execution of 
complex displays without any real time limit.  
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INTRODUCTION 
 
The most recent innovations of the PyroLEDA® SuperMaster system, fully compatible with 
existing hardware, relate to two main features: 
 

 the massive use of hierarchical parallelism in communication to manage an enormous 
number of ignitions (over 130,000 cues) without affecting the speed of diagnostics or 
control. 

 the use of different communication vectors at the same time, in an innovative “hybrid” 
form, to make the system more flexible in adapting to different topological and 
regulatory situations. 

 
We will try to highlight the advantages that this architecture offers for managing the most 
complex needs of a display. 
 
 

APPROACH/METHOD 
 
The features that a professional firing system must have for the management of complex 
events, including very large ones, which require high levels of safety and reliability, will be 
discussed. These findings derive from a close analysis of the relevant literature and 
regulations. It will then be shown how the SuperMaster version of the PyroLEDA® system 
meets these requirements. 
 
 

RESULTS 
 
The most fundamental requirements for a professional firing system can be summarized as 
follows: 
 

1) built-in safety features to protect human life in the case of malfunction, 
2) accurate execution of displays with a high level of precision to the microsecond and 

the total elimination of any lag, and 
3) a universal synchronization system (TimeCode). 

 
In addition, in the opinion of the author, all operators in the sector would agree that a 
professional firing system for the use in important events should also have these features: 
 

a) no more than a few (max. 2 to 3) different types of hardware 
b) expandability of the system 
c) rapid exchange of data among the different hardware modules in the field 
d) a control console with a rapid and intuitive interface (program transfer, diagnostics 

and show management) 
e) a flexible wireless system 
f) redundancies without modification to field layout 
g) ample energy autonomy 
h) the possibility of multimedia interaction 

 
The new PyroLEDA® system integrates all of the above characteristics. 
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DISCUSSION 
 
Massive use of hierarchical parallelism 
This type of arrangement is sometimes called a distributive process or system. This has been 
denoted as a hierarchical parallelism to express more accurately the idea underlying the 
system. It is similar to saying “all roads lead to Rome”; all the hardware modules belonging 
to the system are connected directly or indirectly to a single, remote control console used by 
the operator. This hierarchical parallelism is diagrammatically illustrated as a pyramid 
consisting of three levels (Figure 1). 
 

 
Figure 1 - Parallelism 

 
In this configuration the SuperMaster version of the PyroLEDA® system comprises only 3 
types of hardware for the management of a display (Figure 2). 
 

Figure 2 – 3 types of hardware 
 
The system is made up of a remote controller (F3), which is linked to the field controllers 
(RT3), which in turn communicate with the firing modules (SQ3). Data exchange is of course 
two-directional at all levels of the pyramid. This much is probably already familiar to most 
users because almost all firing systems have a similar structure. The architecture of this 
system is that the data exchange among the various levels takes place simultaneously in 
parallel regardless of the number of controllers and field modules involved in 
communication. So whether you use a single RT3 or hundreds, the time required for the 
exchange of data remains the same due to parallel communication.  

  
 

F3 Remote controller RT3 Field controller SQ3 Firing module 
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The massive use of this pyramidal structure allows for the management of a considerable 
quantity of hardware and a high number of cues. The expandability of the system is thus 
augmented; a single F3 controller can communicate with up to 256 RT3s. In turn each RT3 
can control up to 16 SQ3s for a total of 4,096 SQ3 firing modules. Each firing module has 32 
firing outputs. This means a total capacity of 131,072 cues (Table 1)! 
 

Table 1 – Maximum number of hardware units 
Maximum number of hardware units controlled by one F3 controller 

F3 
Remote controller 

 

1 unit 
can communicate with: 

128 RT3s by cable 
128 RT3s by wireless 

RT3 
Field controller 

 

Max. 256 units 
can communicate with F3: 

128 by cable 
128 by wireless 

SQ3 
Firing module 

 

Max. 4,096 units 
can communicate with the RT3s by cable 

(two-wire) 
2,048 by cable 

2,048 by wireless 
4,096 SQ3 x 32 cues each = 131,072 CUES! 

 
Such a large number of cues requires an elevated data exchange speed among the hardware 
units connected. The timing of the various operations becomes fundamental and needs to be 
measurable. The firing system is required to perform numerous operations during set-up and 
execution of a show. These include: 
 

 transferring the show program to each single SQ3 microprocessor, 
 performing comprehensive diagnostics (Builder), 
 arming and starting the show, and 
 providing access to advanced functions during the show as necessary 

 
The effectiveness of hierarchical parallelism becomes especially clear in this context. The 
times are very impressive. To complete the transfer of the show from the remote controller to 
all 4,096 microprocessors on the individual firing modules takes less than 3 minutes. Table 2 
lists the details. 
 

Table 2 – Times for show transfer 
Times for show transfer 

Checking SQ3s that require programming 5 s 
Programme transfer from F3 to 256 RT3 field controllers  Max. 96 s 
Programme transfer from 256 RT3s to 4,096 SQ3 firing modules Max. 64 s 

Maximum time for complete programme transfer for 131,072 cues 
165 s = less than 3 minutes 
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For the purpose of diagnostics, a function known as “Builder” has been introduced. Builder 
performs a scan of the field to identify all connected hardware units and takes a “photograph” 
of them that is saved in the internal memory of the remote controller. The actual situation in 
the field memorized in this way is then compared to the show program transferred earlier to 
produce a detailed report. In view of the volume of data for collection in this phase, the speed 
of this operation is again high. For example, data for no fewer than 10,000 cues can be 
processed in under two minutes. This is detailed in Table 3. 
 

Table 3 – Times for “Builder” diagnostics 
Times for “Builder” diagnostics 

Identify all connected RT3s (256) 10 s 
Identify SQ3s (4,096) Max 64 s 
Data collection from all RT3s (256) 
Data collection from all RT3s (20) 

Max 512 s 
Max 40 s 

Maximum time for Builder completion for 10,000 cues 
114  s = less than 2 minutes 

 
Maximum time for Builder completion for 131,072 cues 

586 s = less than 10 minutes 
 
Once the Builder scan is completed and a detailed report on the units connected in the field is 
produced, a rapid and intuitive interface is required to allow the operator to understand the 
data and respond quickly as necessary. The operator can choose among different screen types 
for viewing the data. The “field summary” shows the number of hardware units detected. The 
“tree view” screen allows for individual identification of hardware units by ID number. Any 
deviations from the show program are marked by colored pins for increased visibility 
(Figures 3-6). 
 

       
Figure 3 - Field Summary     Figure 4 - Tree View 

 
The main types of deviation that can be detected during this phase are: 
 

 missing hardware units, 
 possible communication problems, 
 insufficient available energy, and 
 igniter circuits 
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Each type of problem is marked by a different color. Individual deviations can then be 
verified by selecting the detailed data lists for individual hardware units. 
 

      
Figure 5 - RT3 List     Figure 6 - SQ3 List 

 
The final stage involves data for individual SQ3s. Data available for verification includes 
specific ID, show ID, status, power and a detailed list of igniter connections (Figure 7). 

 

 
Figure - 7 S- Q3 Info 

 
As indicated, scan results from Builder are memorized. This means that the saved file can be 
reopened and new checks can be made subsequently without having to perform another full 
scan. The remote controller will perform a new check for comparison with the saved Builder 
file and if any new deviations are detected, these will be highlighted. This option means that 
valuable time can be saved. In addition, a series of local tests in reverse order (SQ3 > RT3 > 
F3) can be performed during set-up to reduce error margins in the overall Builder scan. The 
final operations to be performed before a display involve the arming and starting of the show. 
Completion of these takes no more than a few seconds (Table 4). 
 

Table 4 – Times for arming and firing 
Times for arming and FIRE! 

Arming time  Max 10 s 
Shooting operations Instantaneously  

 
Finally, a series of advanced functions can be accessed in real time during the show. These 
include: 
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 firing single manual cues or sequences of timed cues (including in overlap), 
 activation or deactivation of groups or pre-set filters, 
 disabling individual RT3s, 
 time stretch, and 
 inserting a time offset in the presence of a TimeCode 

 
“Hybrid” communication system 
The high-speed data exchange between hardware units in the SuperMaster version of the 
PyroLEDA® system is a product not just of the hierarchical parallelism outlined above, but 
also results from the optimization of the system’s communication vectors. This is the second 
main element of the system: the “Hybrid” communication system which represents an 
entirely new feature for firing systems. As different situations in the field create different 
requirements, two distinct bus types have been selected for the system, which however work 
together. This choice has been made to allow operators to meet the different topological and 
regulatory requirements they have to face. 
 
The first level concerns communication among the remote controller and the field controllers, 
which presents multiple requirements and demands a greater bandwidth for data exchange. 
Here an RS484 (by cable or radio, Figure 8 and 9) has been chosen as a suitably versatile 
solution. The second level concerns communication among the field controllers and the firing 
modules. The most important consideration here is greater topological flexibility, so here a 
bus has been chosen with smaller bandwidth, i.e. an FSK that can be transported by 0.5 mm 
copper wire (standard in pyrotechnics). This allows the operator greater freedom in 
positioning the firing modules in the field. Indeed, it is possible to place topologically without 
any restriction up to 16 SQ3s and connect them to each RT3 with up to 500 m of 0.5-mm 
diameter wire. 
 

  
Figure 8 - F3 to RT3s   Figure 9 - RT3s to SQ3s 

 
What are the advantages of having several available vectors of communication? In the first 
place it is possible to make use of a flexible wireless system adaptable to various needs. The 
goal of system designers working with wireless in recent years has always been identifying 
the single best frequency to use for firing systems to propose as a universal solution. But 
reality is more complex. We are well aware that there are many aspects to consider when 
using radio transmission. National regulations impose certain frequencies and prohibit others. 
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It is also necessary to consider topographical factors such as distances and physical obstacles. 
Certain environments are full of sources of interference (ports and towns). No particular 
frequency is able to provide a solution valid for all situations. In this case the Hybrid model 
gives the user the possibility to select an appropriate frequency for a given situation simply 
by changing the AT3 antenna module (Figure 10 and 11). Any available authorized frequency 
can be used. Protocols can be developed for radio broadcast modules or with hops. At the 
moment antenna modules are available with protocols implemented for 400 Mhz and 2.4 Ghz 
(different power levels). The AT3 antenna module has deliberately been separated from the 
RT3 by means of a 3m cable to create the possibility of moving the antenna in a 6-m radius to 
find the best position for reception and transmission. 
 

      
Figure 10 – AT3 antenna module Figure 11 – RT3 with AT3 

 
In addition to flexibility in choosing a frequency, the Hybrid communication system offers 
another unique advantage: a backup system without modification to field layout. The use of 
FSK for communication among field controllers and firing modules is made possible by the 
fact that each SQ3 decodes the TimeCode. This feature is additional to the module’s energy 
autonomy and its capacity for memorizing the part of the show in which it is involved. These 
three characteristics – energy autonomy, memory and synchronization – make the SQ3 firing 
modules completely independent. As long as we are able to send the necessary commands 
directly to the firing modules (more precisely to their bus communication connectors), these 
can function even without contact with a remote controller (for example in case of 
emergency). This indicates how the Hybrid model provides a form of backup unmatched by 
any other communication system: the possibility of performing a display even without a 
remote controller and without any modification in the field. Maintaining the same hardware 
configuration and the same program, it is sufficient to send appropriate commands directly 
from an RT3 field controller (by cable or wireless) to the other field controllers (or simply 
from any radio source) to arm, fire, synchronize, interrupt and end the show. 
 
If an RT3 is chosen as backup, the field controller also assumes the function of equalizer to 
make sure that the FSK gets to the field modules at the correct volume. 
 
Finally it is necessary to underline certain characteristics that have been peculiar to the 
system from the start: the energy autonomy of the SQ3 module (just mentioned) and the 
possibility for interaction with other devices such as solenoid valves and relays. Each firing 
module has a local power supply external to the module itself. 
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Figure 12 – Local S3 battery with charger and plugged in 

 
Local S3 batteries (lithium 3.6V; Figure 12) connected externally to the firing module 
represent an excellent solution that achieves a balance between battery performance and the 
work associated with planned maintenance. The concept for S3 was born from the need to 
compensate for the possibility of physical limits on energy distribution without requiring the 
operator to use a predetermined wiring configuration. The S3 batteries make it possible to use 
kilometers of wire with a 0.5 mm diameter without impacting on the system’s speed of 
function and guaranteeing sufficient energy autonomy (10 days in stand-by). The system’s 
intrinsic safety is maintained even when the batteries are plugged in because of the module’s 
internal physical limitations active during tests (check lines) until the moment of arming in 
readiness for a show. Batteries are interchangeable right up to the last minute and they make 
planned maintenance easier because it is easier to handle a small, 10-cm battery rather than a 
whole module. Energy autonomy is of long duration: 10 days in stand-by mode.  
 
The PyroLEDA® system can be interfaced with multimedia devices. As well as accepting 
various kinds of TimeCodes for synchronization, the SQ3s include a further feature that 
demonstrates the complexity of their design: they are equipped with 8 firing lines (25-32) 
with advanced electrical properties:  
 

Max 60 V (DC) - @ 16 Amp (permanent) - @ 100 Amp (peak) – self-protected mode. 
 
This means that these lines can be programmed (for duration of impulse and number of 
activations) and can therefore be used to manage solenoid valves or relays connected directly 
to the module. In this way, a display can be integrated with other multimedia effects. 
 
Safety 
The system upgraded to SuperMaster version maintains the same intrinsic safety features 
already described on our previous paper1. 
 
 

CONCLUSIONS 
 
The new developments in the PyroLEDA® SuperMaster, in particular the practical 
application of hierarchical parallelism and the Hybrid combination of communication 
vectors, when added to the system’s pre-existing characteristics, completely satisfy the most 
important requirements for the management of large pyrotechnical, musical and multimedia 
displays, and give it an edge over alternative systems because of the speed and versatility of 
communication and the backup solutions it offers pyrotechnicians.   
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ABSTRACT 
 
Storage lifetime estimates for pyrotechnic articles are a continuing challenge for designers, 
manufacturers and users of pyrotechnics. Safety and product performance are the most 
important variables of concern, but controlling all elements of product development and 
industrial production are important to insure that products can reach and maintain their 
desired lifetimes. Storage lifetimes are typically calculated with the Arrhenius law and the 
activation energy. However, small variations of activation energy measurement can produce 
wide differences in storage lifetime estimates. We show here new data to illustrate how mass 
loss rates from the same batch of product at a range of temperatures can be used to confirm 
the expected lifetime of a complete product. Simultaneous use of Differential Thermal 
Analysis (DTA) and Thermo Gravimetric Analysis (TGA) can improve both the experimental 
design and the analysis of the mass loss experiments. 
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INTRODUCTION 
 
It is a common fact in pyrotechnics that the performance characteristics of pyrotechnic 
articles such as fireworks may progressively change during several years of storage. Such 
evolution is linked to low-rate chemical reactions between the ingredients of the pyrotechnic 
compositions inside these articles, as well as low-rate decompositions of some of these 
ingredients. In some cases, this natural aging process may lead to risks for users and public 
safety and it is then essential to foresee such critical outcomes. Happily, in most cases, only 
the performance is modified and the articles may not function as expected: it may lead to 
disappointing results and even failure of the mission for which they were designed originally. 
 
Additives may be added to pyrotechnic compositions to stabilize their performance until a 
‘use by’ date if any displayed on the labels of the articles. The designers of pyrotechnic 
articles have then the need of analyzing the possible evolution of the performance of their 
articles during development, including the experimental verification of the efficiency of 
stabilizers in the case where such additives are required to decrease the rate of degradation of 
the performance of the articles and, if possible, to make this degradation unnoticeable during 
the shelf life of the articles. 
 
The ideal solution would be to launch programs of natural ageing with periodic function tests 
over a period of time equal to the shelf life of the articles. Even if such programs are 
launched at an early step of the development phase of the articles, their results would be 
obtained too late to confirm the good behavior of the articles before they are placed on the 
market. In the case where the performance is affected by the aging process more than is 
acceptable to users, the choice and qualification of stabilizers would lead to supplementary 
delays and the situation would be much more critical. 
 
To solve this unfavorable issue, accelerated aging tests were developed. The purpose of the 
present paper is to illustrate one of such methods that works well and may be recommended 
to manufacturers which have not yet acquired some experience of such tests. The presented 
method was applied to compositions containing nitrocellulose, rather common in the field of 
fireworks. Nitrocellulose is known to be subject to slow degradation over time and stabilizers 
are usually added to control this degradation process. Accelerated aging tests are then 
peculiarly useful to evaluate and qualify the efficiency of the stabilizers. 
 
 

APPROACH 
 
Firstly, it is important to define the scientific basis of the aging studies of pyrotechnic 
compositions. Traditionally, the Arrhenius law is applied to conduct accelerating aging tests. 
 
Each chemical has a specific and representative activation energy of the chemical structure of 
its molecule. For a pyrotechnic composition consisting of a mixture of reactants (oxidizers, 
reducers, binder, additives) closely linked physically, the existence of an average activation 
energy can be foreseen for any given mixture. It remains that the evaluation of such average 
activation energy is not simple and requires special experimental methods that are not always 
accessible to every manufacturer. 
 
The average activation energy is then a specific characteristic of the pyrotechnic composition. 
It depends on the nature and percentages of the molecules that are mixed together. 
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The basic principle of accelerated aging tests is that it is possible to reduce the duration of the 
tests to some extent by increasing the temperature which is applied to the test samples. This 
increase of temperatures accelerates the reaction rates and, if no other reactions occur at the 
chosen temperature, the results of the tests are considered to be the same as the natural aging 
at ambient temperatures with a good confidence level. This relationship between processing 
time and test temperature is called the “processing time-temperature equivalence”. 
 
This time-temperature relationship is taken to be similar to the kinetics of the chemical 
reactions that govern the natural aging process, provided that the temperature of the test 
remains rather close to storage temperatures so as not to trigger other chemical reactions. 
Temperature up to 80°C may be acceptable in most cases. 
 
The processing time-temperature equivalence is generally described by a formula of the type: 
 

푡 = 푡 ∙ 푒    Equation (1) 
where:  

푡  is the time at temperature 푇  (in Kelvins) 
푡  is the time at temperature 푇  (in Kelvins) 
퐸  is the average activation energy (in J/mole) 
푅 is the universal perfect gas constant = 8,315 J/mole/K 

 
for all chemical reactions the rate follows the Arrhenius law: 
 

푘 = 퐴	푒      Equation (2) 
where: 

푘 is the reaction rate 
푇 is the temperature (in Kelvins) 
퐸  is the average activation energy (in J/mole) 
푅 is the universal perfect gas constant = 8,315 J/mole/K 
A is the “pre-exponential factor” 

 
The activation energy is directly related to a reaction mechanism and means the minimum 
amount of energy input required by a system to enable this mechanism (decomposition, 
addition, combustion, etc.). It is an important parameter that is not always easy to obtain, but 
knowing its value is vital to evaluate the aging of a composition using the Arrhenius law. 
 
The activation energy values generally recorded in the pyrotechnic domain range between 40 
and 200 kJ/mole1,2,3. A valid approximation for most reactions4-8 indicates that the reaction 
rate doubles or triples with each 10°C temperature rise, which gives activation energy values 
in the range 49-78 kJ/mole. 
 
An approximation of the Arrhenius law may be used when the difference between the test 
temperatures is rather small as well as the reaction rates at the two temperatures, which is 
often the case when the aging process is not critical, e.g. for stabilized nitrocellulose-based 
propellants. 
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This approximation is called the Berthelot law and is defined by the following equation: 
 

퐿푛	푘 = 푎	푇 + 푏 
or: 

푘 = 푒 	      Equation (3) 
where: 

푘 is the reaction rate 
푇 is the temperature (in °C) 
푎 and 푏 are characteristic coefficients of the mixture 

 
It is generally considered to be a simplified version of the Arrhenius law when the exponent 
can be approximated by a straight line in the considered temperature interval. This law is 
appropriate when well-known stabilizers are used in the mixtures, such as diphenylamine in 
compositions containing nitrocellulose. 
 
Combining equations (1) and (3) leads to the following estimate of 푎: 
 

푎 =
퐸

푅	푇 	푇  

 
The Arrhenius law is generally preferred to the Berthelot law in the general case where the 
association of ingredients in the mixtures is not well-known (which may be the case as soon 
as one of the ingredients has not already been mixed with the other selected ones, e.g. it is 
newly available on the market of chemicals). 
 
 

DEGRADATION OF NITROCELLULOSE 
 
In general, the aging of a material can be defined as a process that modifies its physical-
chemical properties and, with respect to a material's final performance or professional risks, 
ultimately renders it inoperative or hazardous during use. The types of degradation of the 
pyrotechnic compositions are essentially oxidation reactions between oxidizers and organic 
binders. In some cases, where the oxidizers are not oxidized at their maximum degree, they 
can gain an additional level of oxidation. These oxidation reactions can take place with 
reducers when free oxygen is available inter-grain (in this case, the chemical compatibility of 
the reactants should have been previously verified)9. 
 
In the case of compositions containing nitrocellulose, the decomposition of this molecule is 
more complex and involves reactions that are quite different from each other: 
 

 Free-radical reaction10 : 
 

푹 − 푶− 푵푶ퟐ	 → 푹− 푶⨀ + 푵푶ퟐ 
 

푹 −푶 −푵푶ퟐ	 + 푹 −푶⨀ →	푵ퟐ,푵ퟐ푶,푵푶⨀,푵푶ퟐ,푯ퟐ푶,푯ퟐ,푪푶ퟐ,푪푶 
 

푹 −푶 −푵푶ퟐ	 + 	푵푶ퟐ 	→ 푪ퟐ푯ퟐ푶ퟒ 
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 Hydrolysis reaction: 
 

푹 − 푶− 푵푶ퟐ	 + ퟐ	푯ퟐ푶 → 푹−푶푯 + 푯 
 

ퟑ	푵푶ퟐ	 + 푯ퟐ푶	 → ퟐ	푯푵푶ퟑ + 푵푶 
 
The thermal decomposition of nitrocellulose is initiated by the cleavage of the 푶− 푵푶ퟐ	 
bonds of this aliphatic nitrate ester, resulting in the formation of the corresponding alkoxyl 
radicals and nitrogen dioxide. The released 푵푶ퟐ	 radicals immediately undergo consecutive 
reactions with other decomposition products or with other ingredients of the pyrotechnic 
composition. During this process 푵푶ퟐ	 is reduced to 푵푶, 푵ퟐ푶, 푵 and 푯푵푶ퟐ. Another main 
decomposition pathway is the neutralization by acid hydrolysis of the nitrate esters. The 
reaction with moisture may produce residual acids during the decomposition process. The 
resultant reaction of thermal decomposition is an autocatalytic process and is accompanied by 
heat generation. 
 
The fact that nitrocellulose, as an ingredient of several pyrotechnic compositions, is subject to 
a slow chemical decomposition as described above, even at room temperature, is linked to its 
relatively low activation energy (120-190 kJ/mole). 
 
 

METHODS 
 
Aging studies of compositions containing nitrocellulose have been widely reported11-18. 
These studies were mainly conducted for military compositions (propellants and powders for 
weapons). 
 
The often used test method defined by AOP 4818 deals specifically with 10-year stability 
testing at 25°C and is based on the consumption of stabilizers. But this procedure is limited to 
usual stabilizers such as diphenylamine. It cannot be applied to new ones as far as their action 
differs significantly from the chemical mechanism that is activated by these usual stabilizers. 
 
Nevertheless, it is recognized that the processing time-temperature equivalence is certainly 
well suited to the evaluation of an elementary chemical reaction. However, as mentioned 
above, the aging of compositions containing nitrocellulose involves several chemical 
mechanisms and several elementary chemical reactions, which makes the application of 
accelerated aging methods based on this equivalence more problematic and requires special 
preliminary care. 
 
Consequently, other test methods were developed. Particularly, the analysis of samples by 
Differential Scanning Calorimetry (DSC) after tests of samples at relatively high 
temperatures (> 100°C) for short periods of time (10 to 120 minutes) lets you know quickly if 
the studied compositions are stable over time and can be used in hard environment (e.g. from 
−40°C to +	71°C). The following standardized temperature tests are commonly used for 
compositions and propellants containing nitrocellulose: 
 

 132°C Stability Test (STANAG 4178) 
 134,5°C Heat Test (US MIL-DTL-244B) 
 65,5°C Heat Test (US MIL-DTL-244B) 
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Indeed these test methods cannot serve to determine precise values of the shelf life of 
compositions containing nitrocellulose. But they may shows that their behavior can be 
different depending on the type of nitrocellulose used, the type of stabilizers and the mixing 
quality. 
 
From the various studies of the aging of propellants and compositions containing 
nitrocellulose that can be found in the technical literature, the following points may be noted: 
 

 Weight losses are observed during the aging process because the predominant 
reaction is the replacement of 푶 −푵푶ퟐ	 group by an 푶푯 group, 

 The nature, quality and percentage of stabilizer impose a delay in the above 
substitution reaction (other factors such as the conductivity of the composition can 
moderate and influence this observation), 

 The use of a stabilizer in the mixtures gives an aging monitoring indicator. 
 
 

FIRST EXPERIMENTS AND RESULTS 
 
In order to evaluate such temperature tests, we chose to record the mass loss of samples of 
nitrocellulose intended for civil or military applications based on the use of such molecule. 
Tests were then carried out at different temperatures and, according to the recorded mass 
losses, a test temperature was determined for samples of pyrotechnic compositions containing 
nitrocellulose and a stabilizer. Considering the percentage of nitrocellulose in the sample, an 
estimate of the mass loss of the composition without any stabilizer at the test temperature can 
be calculated. The efficiency of the chosen stabilizer can then be demonstrated by 
comparison of the recorded mass loss of the stabilized composition (if any) with the 
calculated estimate. 
 
Indeed, the above method is applicable to pyrotechnic compositions which do not contain 
other ingredients that can decompose at smaller temperatures than nitrocellulose. This 
characteristic can be checked by preliminary Differential Thermal Analysis (DTA) and 
Thermogravimetric Analysis (TG) tests. The stability of two types of nitrocellulose (different 
manufacturers) was determined by gravimetric monitoring in an oven at three different 
temperatures: 60°C, 90°C and 120°C. Two tests were performed for each sample at each 
temperature, leading to a total of 12 samples for further DSC analysis. 
 
The test procedure was:  

1. Taring of a ground glass flask topped with ground capillary stopper (40 mm high and 
0.25 mm opening); 

2. Introduction of about 1 gram of nitrocellulose into the flask and record of the weight 
at 푡 = 0; 

3. Placement of the flasks containing nitrocellulose in an oven at the selected 
temperature; 

4. After 24 hours, extraction of the flasks from the oven and placement during 30 
minutes for stabilization at ambient temperature in a desiccator; 

5. Weighing of the flasks, record of the weight and calculation of the mass loss; 
6. Repetition of steps 3 to 5 until stabilization of the mass loss of each sample. 
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The recordings are given on Tables 1, 2 and 3 and plotted on Figures 1, 2 and 3 hereafter. 
 

Table 1 – Results of the stability test at 60°C 

 Sample 1 Sample 2 

Time 
(hours) 

Recorded 
weight 
Test 1 

(grams) 

Mass Loss 
(%) 

Test 1 

Recorded 
weight 
Test 2 

(grams) 

Mass Loss 
(%) 

Test 2 

Average 
mass loss 

(%)  

Recorded 
weight 
Test 1 

(grams) 

Mass Loss 
(%) 

Test 1 

Recorded 
weight 
Test 2 

(grams) 

Mass Loss 
(%) 

Test 2 

Average 
mass loss 

(%)  

0 20,09106 0 19,65845 0 0,000 19,60184 0 20,43607 0 0,000 

4,25 20,08939 0,170 19,65586 0,290 0,230 19,59946 0,265 20,43367 0,236 0,251 

68,25 20,0833 0,789 19,65128 0,803 0,796 19,58676 1,678 20,42015 1,567 1,623 

92,5 20,08284 0,835 19,65081 0,856 0,845 19,58489 1,886 20,41792 1,787 1,837 

116,42 20,08229 0,891 19,65044 0,897 0,894 19,5837 2,019 20,41627 1,949 1,984 

140,25 20,08288 0,831 19,65102 0,832 0,832 19,58345 2,047 20,41593 1,983 2,015 

164,33 20,08262 0,858 19,6507 0,868 0,863 19,58276 2,123 20,415 2,075 2,099 

236,17 20,08285 0,834 19,65114 0,819 0,826 19,58185 2,225 20,41356 2,216 2,220 

260,33 20,08286 0,833 19,65089 0,847 0,840 19,58171 2,240 20,41268 2,303 2,272 

284,42 20,08327 0,792 19,65139 0,791 0,791 19,5818 2,230 20,41212 2,358 2,294 

404,25 20,08269 0,851 19,65079 0,858 0,854 19,57402 3,096 20,32462 10,973 7,035 

428,25 20,08243 0,877 19,6508 0,857 0,867 19,57021 3,520 20,26309 17,031 10,276 

452,08 20,08256 0,864 19,65093 0,842 0,853 19,55501 5,212 20,20766 22,489 13,850 

476,08 20,0829 0,829 19,65103 0,831 0,830 19,4875 12,725 20,15439 27,734 20,229 

500,75 20,08273 0,846 19,65094 0,841 0,844 19,43073 19,042 20,12001 31,119 25,080 

572,25 20,08282 0,837 19,65114 0,819 0,828 19,30905 32,584 20,07351 35,697 34,140 

596,17 20,08279 0,840 19,65127 0,804 0,822 19,29852 33,755 20,06279 36,752 35,254 

620,25 20,08306 0,813 19,65125 0,806 0,810 19,28744 34,989 20,05337 37,680 36,334 

 

 
Figure 1 – Mass loss versus time at 60°C 
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Table 2 – Results of the stability test at 90°C 

 Sample 1 Sample 2 

Time 
(hours) 

Recorded 
weight 
Test 1 

(grams) 

Mass Loss 
(%) 

Test 1 

Recorded 
weight 
Test 2 

(grams) 

Mass Loss 
(%) 

Test 2 

Average 
mass loss 

(%)  

Recorded 
weight 
Test 1 

(grams) 

Mass Loss 
(%) 

Test 1 

Recorded 
weight 
Test 2 

(grams) 

Mass Loss 
(%) 

Test 2 

Average 
mass loss 

(%)  

0 19,71454 0 19,81706 0 0,000 20,34236 0 19,988 0 0,000 

4,25 19,70829 0,664 19,81045 0,694 0,679 20,33412 0,644 19,97989 0,866 0,755 

68,25 19,70458 1,059 19,80731 1,023 1,041 19,97129 29,022 19,65662 35,384 32,203 

92,5 19,70392 1,129 19,80663 1,095 1,112 19,88083 36,097 19,58641 42,881 39,489 

116,42 19,70123 1,415 19,80589 1,172 1,294 19,80304 42,181 19,53283 48,602 45,392 

140,25 19,69535 2,040 19,80351 1,422 1,731 19,74405 46,795 19,5012 51,980 49,387 

164,33 19,6875 2,874 19,79697 2,108 2,491 19,70816 49,602 19,48247 53,980 51,791 

236,17 19,41489 31,851 19,75501 6,512 19,181 19,65547 53,723 19,45988 56,392 55,058 

260,33 19,31843 42,104 19,57739 25,153 33,628 19,6468 54,401 19,45631 56,773 55,587 

284,42 19,25391 48,962 19,44233 39,327 44,144 19,6409 54,863 19,45406 57,013 55,938 

404,25 19,17048 57,830 19,28622 55,711 56,770 19,62367 56,210 19,4447 58,013 57,112 

428,25 19,16728 58,170 19,28145 56,211 57,191 19,62171 56,364 19,44323 58,170 57,267 

452,08 19,16459 58,456 19,27714 56,664 57,560 19,6195 56,537 19,44167 58,336 57,436 

 

 
Figure 2 – Mass loss versus time at 90°C 
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Table 3 – Results of stability test at 120°C 

 Sample 1 Sample 2 

Time 
(hours) 

Recorded 
weight 
Test 1 

(grams) 

Mass Loss 
(%) 

Test 1 

Recorded 
weight 
Test 2 

(grams) 

Mass Loss 
(%) 

Test 2 

Average 
mass loss 

(%)  

Recorded 
weight 
Test 1 

(grams) 

Mass Loss 
(%) 

Test 1 

Recorded 
weight 
Test 2 

(grams) 

Mass Loss 
(%) 

Test 2 

Average 
mass loss 

(%)  

0 20,03297 0 20,22009 0 0,000 19,8535 0 20,15973 0 0,000 

4,25 20,00013 3,489 20,1858 3,597 3,543 19,73407 12,270 20,03873 12,243 12,256 

68,25 19,48305 58,428 19,67544 57,135 57,781 19,3288 53,907 19,62431 54,174 54,041 

92,5 19,42402 64,699 19,61177 63,814 64,257 19,28056 58,863 19,57362 59,303 59,083 

116,42 19,4022 67,018 19,5911 65,982 66,500 19,25888 61,091 19,55134 61,557 61,324 

140,25 19,38598 68,741 19,57561 67,607 68,174 19,24429 62,590 19,53624 63,085 62,837 

164,33 19,37086 70,347 19,56121 69,118 69,733 19,23248 63,803 19,52381 64,343 64,073 

236,17 19,33089 74,594 19,52211 73,220 73,907 19,2043 66,698 19,4952 67,238 66,968 

260,33 19,31966 75,787 19,51083 74,403 75,095 19,1968 67,469 19,48798 67,968 67,718 

284,42 19,31036 76,775 19,50036 75,501 76,138 19,19025 68,142 19,48168 68,606 68,374 

404,25 - - 19,45407 80,357 80,357 19,1643 70,808 19,45879 70,922 70,865 

 

 
Figure 3 – Mass loss versus time at 120°C 

 
  

0

10

20

30

40

50

60

70

80

90

0 50 100 150 200 250 300 350 400 450

Temps (H)

Pe
rt

e 
de

 m
as

se
 (%

)

Echantillon 1, essai 1 Echantillon 1 essai 2 Echantillon 2, essai 1 Echantillon 2, essai 2



311 

Figures 4 and 5 sum up the results in terms of time and temperature respectively for Sample 1 
and Sample 2. 
 

 
Figure 4 – Mass loss for Sample 1 versus time and temperature 

 

 
Figure 5 – Mass loss for Sample 2 versus time and temperature 

 
The comparison of mass losses between Sample 1 and Sample 2 suggests that the former is 
more stable than the latter. 
 
At 60°C, nitrocellulose appears to be stable and deteriorates very slowly. However, a 
significant degradation of Sample 2 can be observed after 300 hours. At 90°C, the 
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degradation of Sample 1 starts after 160 hours, while Sample 2 has already lost 50% of its 
mass after 130 hours. At 120°C, the two samples degrade very quickly (mass losses of 50% 
after about 60 hours). 
 
As regards the selection of the type of nitrocellulose which gives more chances of better 
aging behavior, it appears that the one that corresponds to Sample 1 should be preferred to 
the other from which Sample 2 was taken. Nevertheless, if the selected stabilizer works well 
and reduces the decomposition rate to a very small value, the selection of the type of 
nitrocellulose will lose its criticality: in that case, any source of nitrocellulose might be 
chosen provided that it complies with the technical specifications and its stabilization by the 
selected stabilizer in the pyrotechnic compositions of interest is verified as proposed 
hereafter. 
 
 

DETERMINATION OF THE TEST TEMPERATURE OF SAMPLES OF 
PYROTECHNIC COMPOSITIONS 

 
From the above recorded results, the mass loss of nitrocellulose can be plotted versus test 
temperature at any test duration. In order to work with significant mass losses, a test duration 
of 285 hours was chosen. Figure 6 shows the variation of mass loss of the two samples of 
nitrocellulose for that test duration. 
 

 
Figure 6 - Mass loss for samples 1 and 2 versus temperature at 285 h. 

 
The two samples exhibit similar behaviors. Indeed the straight lines do not represent the exact 
function which would fit the recorded results and is not obviously linear, but only a general 
tendency that allows the determination of orders of magnitude of the possible mass loss at a 
given test temperature. Better – and, of course, more accurate – approaches of the 
relationship between mass loss and test temperature would need more data points than the 



313 

only three of the present experimental study. Nevertheless these two groups of three data 
points were considered sufficient for our purpose. 
 
Taking into account the percentage of nitrocellulose in the pyrotechnic compositions of 
interest, it was considered that a test temperature of 70°C would be appropriate, not only 
because the orders of magnitude of the mass losses of nitrocellulose range between 12 to 
20%, but also because 70°C is far enough from the temperatures at which accumulation of 
heat within the test samples would lead to untimely combustion. At 70°C, it was then 
determined that the non-stabilized compositions would exhibit mass losses in the range 6 to 
10%. 
 
 

TEST OF COMPOSITIONS CONTAINING NITROCELLULOSE 
 
Compositions containing nitrocellulose were tested at 70°C for 18 days (432 hours). This test 
duration is higher than the 285 hours (11.7 days) initially envisaged according to the choice 
made for the determination of the test temperature from the data plotted on Figure 6.  
 
Starting from an activation energy of 120 kJ/mole, the Arrhenius law shows that the 
isothermal test at 70°C for a duration of 285 hours is equivalent to the natural aging of the 
composition at ambient temperature (20°C) during 42 years. However the above value of the 
activation energy may be much higher than the real activation energy of the compositions of 
interest for the aging process at moderate temperatures. As a matter of fact, preliminary 
studies that were carried out using more complex techniques showed that the activation 
energy of these compositions would be rather close to 70 kJ/mole. For such value, the 
Arrhenius law shows that the isothermal test at 70°C for 432 hours is equivalent to the natural 
aging of the composition at ambient temperature (20°C) during 3 years. 
 
Consequently it was decided to extend the test duration to such value of 432 hours, but the 
comparison of mass losses would be kept at 285 hours. 
 
The tested compositions contain a mineral stabilizer that was selected from previous studies 
in order to slow down as much as possible the two decomposition processes of nitrocellulose. 
The objective of the tests of compositions at 70°C is then to check whether the selected 
stabilizer has the foreseen efficiency. 
 
The pyrotechnic compositions were pressed at the required density into cylindrical pellets of 
mass approximately between 12 g and 16 g. These pellets were placed into sealed glass 
vessels and all these vessels were placed in a temperature-controlled oven at a stabilized 
temperature of 70°C. The pellets were weighed on a weekly basis to detect the possible 
effects of aging. 
 
For all pellets, the total mass losses were between 0.3 and 1.2% at 285 hours and did not 
show any significant increase at 432 hours. Knowing that nitrocellulose may contain water 
molecules remaining from its drying process and may absorb moisture afterwards, it must be 
pointed out that these observed values also include mass losses due to the evaporation of such 
water molecules that might have been present in the compositions before the test. All the 
more, these mass losses linked to water evaporation may be the main component, if not the 
only component, of the observed total mass losses. 
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Reminding that pure nitrocellulose, placed in the same conditions of temperature (70°C 
isothermal) without stabilizer, should have lost between 12 to 20% by weight at 280 hours, 
leading to an estimate of 6 to 10% by weight for the non-stabilized compositions, it can be 
concluded that the stabilizer fully plays its protective role. 
 
 

CONCLUSIONS 
 
The test method that has just been presented is well adapted to determine the efficiency of 
stabilizers in compositions that contain chemical substances which may slowly decompose at 
relatively low temperatures in storage on long durations (e.g. 3 to 10 years). Such substances 
are mainly organic molecules used as oxidizers, fuels or binders in compositions, e.g. 
nitrocellulose, nitroguanidine, dextrin, starch, and linseed oil. 
 
The slow decomposition of these substances may cause safety problems, either by untimely 
spontaneous combustions or degradation of performance of the articles that contain 
compositions including these substances. The elimination of these possible safety problems 
may require the use of stabilizers that counteract these decompositions and make their rate 
tends to zero. The main example is given by nitrocellulose as illustrated here above. 
 
The proposed method consists in characterizing firstly the decomposition process of the 
weakest ingredients of pyrotechnic compositions by carrying out isothermal tests on samples 
at three or more temperatures. Typical values of test temperatures lie in the range 60°C – 
120°C.  
 
Before such tests, it would be useful to have carried out DTA-TG analyses to check whether 
significant reactions are possible between the ingredients of the compositions using these 
substances (including the selected stabilizer if required) in the above range or not. In the first 
case the compositions would possibly be unsafe and it would be necessary to modify the 
compositions so that such reactions disappear. 
 
Assuming activation energies between 40 and 120 kJ/mole for the often unknown reactions 
of natural aging of the compositions of interest, accelerated aging at temperatures in the range 
of 60°C – 120°C would be representative of shelf lives of 3 to 10 years for test durations of 
12 to 24 days. Such test durations are small enough to be practical in the development phase 
of compositions when such shelf lives are targeted. 
 
During the isothermal tests, the mass losses of the samples of the weakest ingredients of the 
compositions of interest are measured at periodic intervals and plotted versus time, until a 
significant decomposition is observed. Then, given a preferred test duration for the 
accelerating aging, the dependence of the mass losses with the test temperature can be 
evaluated, even if it not very accurate and only gives orders of magnitude. 
 
Knowing the percentages of the weakest ingredients in the compositions of interest, the 
evaluation of the dependence of the mass losses with temperature makes it possible to 
determine the test temperature that would lead to easily detectable mass losses in the absence 
of stabilizers. 
 
Then the isothermal test of the composition that includes the selected stabilizer is carried out 
at the so determined test temperature and the mass losses are periodically recorded until the 
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end of the test. The comparison of the recorded mass loss with the foreseen value that might 
be observed in the absence of stabilizer gives direct evidence of the efficiency of that 
stabilizer. 
 
The above example of nitrocellulose and composition that include this substance shows that 
the proposed method gives good results which may be considered as sufficiently reliable. 
 
In conclusion, when the decomposition of the weakest ingredients of compositions lead to the 
formation of volatile species, the mass loss is a simple parameter that allows a first approach 
of the aging of compositions. Moreover, when the activation energy of compositions is 
unknown or badly estimated, isothermal tests may be used to determine the time-temperature 
equivalence for the decomposition of those weakest substances in the absence of stabilizers. 
 
This time-temperature equivalence allows the determination of the temperature to be applied 
for the isothermal testing of the compositions including the selected stabilizer and the 
calculation of an estimate of the mass loss of those compositions if the stabilizer would not 
work at all. The comparison of the mass loss that is observed for the stabilized composition 
with the estimated value directly characterizes the efficiency of the selected stabilizer. 
 
The above “mass loss” isothermal test is a simple and efficient procedure to give an 
experimental proof of the resistance to aging of stabilized compositions that would evolve 
volatile species in the absence of stabilizer. 
 
Additional DTA-TG analyses could be carried out in order to compare the resulting curves 
with the ones that would have been recorded before the isothermal tests as recommended here 
above. Possible differences might be significant and mean that some molecules have reacted 
with the decomposition products of the weakest ingredients without emission of volatile 
species. In such case, other analyses would be necessary to identify these molecules and 
determine the possible impact of the observed changes on the safe use of the aged 
pyrotechnic articles. 
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ABSTRACT 
 
The sudden release of gases during the initial launch of a shell can create noise levels of up to 
144 dB, which can easily overshadow the effect of the shell and make the firework unsuitable 
for noise sensitive locations. In this paper the author describes designing and developing a 
mortar suppressor that will dampen launch Sound Pressure Level (SPL). Research 
incorporates both experimental and literature research. Initially exploring the magnitude of 
SPL produced during the launch phase for different calibre shells and how it compares to that 
of the shell burst, a theoretical analysis of firework shells investigates their construction and 
compositions used, alongside identifying aspects of the thermodynamic reactions taking 
place, including internal pressures, flames temperatures and the byproducts of combustion. 
Additionally, existing suppressor technologies are examined, namely automotive mufflers 
and firearm suppressors, to explore existing methods of suppression.  
 
The more successful concepts and any recommended dimensions are later applied to the 
project design and a possible SPL reduction of approximately 30 dB is suggested. Using 
available resources a prototype was produced to suppress the launch of 75 mm shells. 
Experimental testing demonstrated an initial SPL level of 110 dB (a reduction of 16 dB) and 
a small sample indicated an average reduction of 12 dB. The results demonstrate that the 
product design does achieve a notable level of suppression and further suppression would be 
likely given a more robust and accurate prototype.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*About the author: David Willsher is Operations Manager for Fantastic Fireworks based near London 
in the United Kingdom. For the past 3 years he has been studying for a Bachelor of Engineering 
degree with the University of Buckinghamshire, which he passed with First Class Honours in June 
2015. This paper is based on the dissertation he submitted as part of his course work. 
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INTRODUCTION 
  
There are many different types of fireworks available to a professional firework company. 
Across all of the possible colours, subtypes and size variations, the number of different 
combinations can easily reach tens of thousands (Smith, 2011). Amongst the vast library of 
firework types, colours and effects there is a full array of fireworks that are considered to be 
quiet and do not generate loud bangs, making them ideal for certain situations. 
 
A number of firework types (for example, roman candles, cakes and shells) function in a very 
similar way, involving the projection of pyrotechnic components from cylindrical tubes. 
Unlike rockets, which are propelled by a rocket motor, this process is similar to a cannon ball 
being fired from a cannon or a bullet from a gun. The projectiles can display various effects, 
sometimes generating little to no noise. However, it is the initial launch or thrust of these 
projectiles and the subsequent release of pressure from the tube that will always produce a 
consistent noise which remains out of the operator’s control. 
 
One of the most spectacular and commonly used fireworks used in professional displays are 
shells, which consist of a lifting charge, delay fuse and burst charge. Shells are fired out of 
reusable mortar tubes and, due to their larger size, the noise levels generated from a shell’s 
initial launch and the release of pressure are much greater and far more pronounced compared 
to other firework types. Even if quiet effect shells were chosen, the launch noise will remain 
very high and unsuitable for certain situations and locations. Due to UK legislation the most 
commonly used shell calibers are 65, 75, 100, 125, and 150 mm. Researching and developing 
a mortar suppressor that will significantly dampen the unwanted acoustic effects of launching 
these sized shells will be the focus of this paper. Doing so will bring benefits to firework 
companies from an environmental and choreography perspective. 
 
 

PROJECT RATIONALE 
 
A firework mortar suppressor will bring two distinct benefits by significantly reducing the 
noise produced from the launch of shells. Firstly, from an environmental perspective, the 
reduction in noise will make many more fireworks suitable for noise sensitive locations and 
secondly, from a choreography perspective regarding competitions and high profile displays. 
In support of this Smith (2011) states: “There are venues and occasions where the production 
of noise should be kept to a minimum: displays for young children, displays where wildlife 
can be affected, or during quiet passages of music”. Smith does go on to identify lifting 
charges as one of the key noise issues.  
 
Fireworks can be controversial. Many people enjoy them, but many dislike the disturbance 
they can cause. In some cases the concerns over noise disturbance are quite understandable as 
fireworks can cause significant distress to pets, working animals and livestock. This can be 
especially significant during breeding times, for example in horses, when animal distress 
could cause financial loss. There have been moves by animal lobbyists to restrict the noise 
output from all fireworks to, for instance, 96 dB, although such a level is unrealistic (Smith, 
2011). Category 3 retail fireworks are restricted to a maximum of 120 dB (The Firework 
Regulations 20041), which, although undoubtedly quieter than some professional fireworks, 
                                                             
1 Sound pressure level is to be measured (a) at a horizontal distance of fifteen metres from the testing point at a 
height of one metre above the ground; and (b) using a sound measuring device which conforms to type 1 of BS 
EN 61672 with a free-field microphone. (The Firework Regulations 2004)  
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is still very loud being comparable to a pneumatic hammer or chainsaw at 1 m 
(Engineeringtoolbox.com, 2010).  
 
The noise generated during the launch phase appears to be of a much lower frequency than 
that generated by a firework burst, perhaps with the exception of maroons. In a report carried 
out under contract for the Department for Environment, Food and Rural Affairs (DEFRA), 
Casella Stanger provides information concerning low frequency noise. Within the report 
Casella Stanger (2001) observe, “reported effects include annoyance, stress, irritation, 
unease, fatigue, headache, possible nausea and disturbed sleep” and “low frequency noise can 
cause lightweight elements of a building structure to vibrate”. The low-frequency 
characteristic of the noise produced during the launch phase further support the benefits of a 
firework suppressor. 
 
The other important element of the project rationale is from a design perspective. 
Internationally, professional display companies invest a great deal of time and money to 
create the most original and spectacular displays possible. This can be for private clients or 
high-profile events such as competitions. In a lot of cases this involves choreography to 
music or may even involve creating a musical rhythm with fireworks. Whatever the aim, the 
noise generated from the launch of fireworks is very rarely the focus or intention. It is a 
necessary but unwanted side-effect that is currently outside of the designers control and, 
because of the increase in mass, is a problem that is most pronounced when firing shells. The 
noise produced at the point of launch is always a set duration from the actual intended 
firework effect. The internal delay times of the most commonly sized shells (65-150 mm) can 
range between 2.5 - 5 seconds. Modern digital firing systems allow designers to choreograph 
displays to 1/10th or even 1/100th of a second and will compensate for the delay required for 
fireworks to reach their summit by back-timing the launch/ignition (e.g. effect/burst time 
minus launch time equals delay time). It is easy to see how the noise generated as a shell 
leaves its mortar, several seconds before the firework is required, can detract from the desired 
impact or overall effect. 
 
 

OBJECTIVES 
 
The objectives were to research, design, and develop a firework mortar suppressor that will 
integrate with existing industry equipment and methods to reduce the unwanted noise 
generated during the initial launch phase of firework shells. 
 
Objectives 

1. Determine the magnitude of sound generated by experimental means. Measure current 
noise levels generated from the launch of 65, 75, 100, 125, and 150 mm shells from 
mortars and establish a reasonable target for noise reduction. 

2. Determine the root cause of the noise generated during the launch phase of shells.  
3. Find similar concepts and solutions by examining existing suppressor technologies. 

Identify concepts that could be adapted to the purpose of this research. 
4. Identify the anticipated effects on firework trajectory to determine what, if any, safety 

implications are present when using a suppressor and what may be required to 
overcome any adverse effects. 

5. Identify the most suitable materials and form of the product to best integrate with the 
industry by considering their practices and equipment, including shell malfunctions. 



 

321 

6. Evaluate manufacturing techniques to determine the most suitable manufacturing 
process. 

7. Produce a conceptual design that meets the requirements of the Product Design 
Specifications (PDS), create a prototype of the design and test the effectiveness of the 
concept. 

 
 

RESEARCH 
 
Summary of Research Findings 

 SPL produce during the shell launch phase ranged between 130-144 dB at a distance 
of 30 m and was louder that the shell burst. 

 Different types of shell (e.g. cylinder shells) require more lift charge. The design 
should allow for all types of shell. 

 For 75, 100, 125 and 150 mm cylindrical shells, peak lift charge pressures are 579, 
772, 965, and 1158 kPa respectively. 

 Peak mortar pressure is reached in approximately 0.024 s after ignition, once the shell 
has travelled up roughly 12% of the tube. Pressure will reduce after this point. 

 Shell muzzle velocity is approximately 100 m/s. 
 Flame temperatures can reach approximately 2000K in an instant and could cause 

burning/ignition to some materials. 
 Lift charges are always black powder. 
 The solid residue produced from black powder is highly alkaline and quite corrosive. 
 A considerable byproduct of black powder combustion is water, which will effect 

material selection. 
 There can be a significant windage gap between shell and mortar wall of up to 9 mm - 

the full extent of which is not necessarily required and can cause in-bore balloting. 
 Both vehicle mufflers and firearm suppressors use similar concepts. 
 Expansion chambers are a basic suppressing element and the bigger the volume the 

better. The inlet and outlet should remain at a distance of least 1.5 times the diameter. 
Inlets and outlets that extend into the chamber result in greater transmission loss. 

 Basic gas equations can be used to calculate pressure changes with increased 
volumes. 

 Baffles are used to create turbulence and slow/smooth out the release of gasses. 
 Absorptive materials (usually steel wool, mesh or fibreglass insulation surrounding 

ported tubes) convert sound energy into heat and can create sound interference. The 
hotter a suppressor gets the more effective it is. 

 Ported tubes utilised in vehicle mufflers usually have an open area of about 20%. 
 Baffled firearm suppressors are the most popular and effective designs. 
 30 dB reduction is a reasonable expectation for a well-designed firearm suppressor, 

starting with a similar noise level to that produced during the launch of shells. 
 Baffled suppressors usually consist of 4 or more baffles. The first of which should be 

the most secure and symmetrical. 
 Stacked baffles are preferred for maintenance and can be more effectively machined. 
 Adequate baffle/shell clearance is essential, but the smallest possible hole is more 

effective. 
 Baffled suppressors can increase shell muzzle velocity of up to 3%, which was shown 

to have very little effect on the firework fallout trajectory. 
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 The suppressor should be secured to the barrel/mortar at two points as rigidly as 
possible. 

 Recoil can be reduced by as much as 20-30%. 
 Firearm suppressor design is not an exact science and must rely on testing. 
 Shells can malfunction in a number of different ways and suppression materials need 

to be appropriate. 
 Fibreglass and HDPE are the most suitable materials from a fireworks mortar failure 

perspective and from a impervious, cost and corrosive perspective. Most UK mortars 
are manufactured from fibreglass. 

 Wooden plugs are used in the majority of cases but avoiding this would be preferred 
(e.g. with HDPE moulded bases). 

 65-100 mm shells are normally secured inside racks with little to no clearance 
between mortars.  

 125 and 150 mm mortars present increased risk and are usually fixed to an external 
support with a 125-200 mm gap between each. 

 Firework equipment can get treated harshly and tubes and racks are piled/stacked 
horizontally. 

 An attachable suppressor (e.g. at the muzzle) would be impractical. An integral 
suppressor design housing the firing mortar and suppressing elements would have 
benefits from a rigging perspective. 

 Mortar wall thicknesses range from 2.79 mm for fibreglass to 4.32 - 8.13 mm for 
HDPE. 

 Most fibreglass mortars incorporate a thickened collar for added strength at the 
muzzle. 

 Minimum internal mortar length is approximately 4x the internal mortar diameter. 
However, common lengths for 65, 75, 100, 125 and 150 mm fibreglass mortars are 
360, 415, 510, 740 and 850 mm respectively. 

 Fibreglass tubes are manufactured using a filament winding process. If HDPE is used 
for tubular components then extrusion in the most economical method. 

 PE has a higher degree of formability and better suited to the more intricate elements 
of the suppressor (e.g. baffles). Injection moulding or compression moulding would 
be the most suitable options. Tooling costs and production runs will dictate. 

 
 

DESIGN AND DEVELOPMENT 
 
Conceptual Design 
 
Concept Overview 
The most practical solution to this problem would be to house and suppress a mortar inside 
another mortar of a larger size. A sketch of the general concept that will be adopted can be 
seen in Figure 1. There are a few keys reasons for adopting this approach. Firstly, as research 
has identified, the volume around the outside of the internal mortar can provide an increased 
expansion chamber. Secondly, the difference in height between the two mortars allows for 
the volume above the internal mortar to be used to house the baffles. Therefore, suppression 
would be achieved without attaching a top-mounted device, which would be difficult to 
secure and could negatively impact on current rigging equipment and methods. The whole 
unit could be secured in exactly the same way as that of the larger/hostmortar. It is likely that 
the mortars will have to be longer than usual in order to have sufficient space to house all the 
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necessary components; however, the mortars would function just as any other. It is a flexible 
system of which a firework company could more easily justify investing in over other forms 
of sound suppression. 
 

 
Figure 1 - Sketch of General Concept 

 
Initially it was expected that the suppressed mortar could be placed inside the next, larger 
sized mortar, for example a 75 mm mortar inside a 100 mm mortar. Although this is 
technically possible with fibreglass mortars, once the wall thickness has been considered the 
differences in volume between the two mortars would not be sufficient to house the 
suppressive elements or provide an effective expansion chamber. However, if the suppressed 
mortar is housed inside a mortar two calibers larger, for example a 75 mm inside a 125 mm  
mortar, then the increase in volume is more usable. This process can of course continue to 
achieve an even more effective suppression, but anything beyond this becomes impractical. 
As explained earlier, shells ≥200 mm typically fall within 1.1G UN Transport of Dangerous 
Goods Classification and are rarely seen, so mortars sized 200 mm or greater are largely 
redundant. Although the method suggested here would require a maximum sized mortar of 
200 mm for 150 mm suppression, the benefits across all other sizes would outweigh the 
drawback of investing in some 200 mm mortars. 
 
Suppressor Components: Mortars  
Using fibreglass mortars makes sense considering their availability and thinner wall thickness 
compared to HDPE, thus maximizing expansion chamber volume. Previous research 
indicated a wall thickness of 2.79 mm for all types of shell, which can be checked using 
thinned walled cylinder calculations2. It was also suggested that if a mortar can survive 
double the internal pressures during normal operation then it would have a sufficient safety 
margin. If we take a 150 mm mortar as the most extreme example we can see that 2.79 mm is 
adequate. 
 
 

(1) 
 
 
 
                                                             
2 Wall thickness of 2.79mm = <1/20 of the diameter for all mortar sizes and therefore radial stress will be insignificantly 
small. 
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Where: σh = hoop stress of 76 MPa P = 2x internal pressure of 1158 kPa 
D = internal diameter of 15 mm  t = required thickness 

 
∴ t = Pd / 2σh = ((2 x 1158x10³) x 150) / (2 x 76x10⁶) = 2.286 mm 
 

Table 1 below displays some of the key mortar dimensions obtained so far: 
 

Table 1 - Mortar Dimensions - Research Findings 

ID - Internal 
Diameter 

(mm) 

Min. Internal 
Length (mm) 

(4x ID) 

Measured 
Internal 

Length (mm) 

Min. Plug 
Thickness 

(mm) 
(0.5xID) 

External 
Diameter 

(mm) 
(ID + 2x2.79) 

Min. External 
Length (mm) 

Min. Distance 
to First Baffle 

(mm) 
(1.5xID) 

65 260 360 32.5 70.58 292.5 97.5 

75 300 415 37.5 80.58 337.5 112.5 

100 400 510 50.0 105.58 450.0 150.0 

125 500 740 62.5 130.58 562.5 187.5 

150 600 850 75.0 155.58 675.0 225.0 

175 700 970 87.5 180.58 787.5 262.5 

200 800 - 100.0 205.58 900.0 300.0 

 
For the proposed concept there is sufficient distance between the inner mortar wall and the 
host mortar wall to allow for baffles. In most cases there is also little distance between the top 
of the internal mortar and the top of the host mortar to allow for the baffles. This is the case 
with the measured internal lengths as well as the minimum internal lengths. Therefore mortar 
length will have to be increased. 
 
The minimum internal mortar length of 260 mm for 65 mm mortars will be the starting point 
and the addition of the necessary suppressing elements will dictate the internal length of 100 
mm mortars, which will in turn dictate 150 mm mortar length and so on. 200 mm mortars 
will be the largest and should not exceed an external length of approximately 1.7 m to remain 
practical and allow for the loading of shells. Determining the required mortar length will be 
dependent on the other suppressing components and will be calculated later. 
 
Suppressor Components: Internal Mortar Fixing 
The internal mortar will need to be fixed at both the top of the mortar and the bottom, whilst 
allowing gasses to pass and fill the chamber. The fixing will be circular in shape and fit 
within the bore of the host mortar. It will have to fit around the external diameter of the 
internal mortar, but prevented from travelling down the mortar length by a lip that rests on 
the muzzle (Figure 2). It is important that this lip does not reduce the bore of the internal 
mortar for the risk of obstructing a shells path. The same fixing part can be used to secure 
both the top and bottom of the mortar by turning the bottom one the other way around. The 
fixing would reliably secure any horizontal movement of the internal mortar. Vertical 
movement would not be possible once the spacers and baffles have been stacked on top and 
secured in place.  
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Figure 2 - Sketch of Internal Mortar Fixing 

 
Suppressor Components: Baffle Spacers 
A means of spacing the baffles apart will be achieved by cylindrical sections that will fit 
within the bore of the host mortar (Figure 3). Each spacer will include large holes around its 
circumference reducing material cost and, more importantly, increasing surface area for a 
greater heat transfer and better suppression. One spacer will be used between each baffle. In 
the interests of keeping the number of different component parts to a minimum, the same 
spacer can also be used in multiples to achieve the required distance from the internal mortar 
to the first baffle. This distance will be divided by four to determine spacer length. Any fewer 
would make the overall host mortar length too long. Therefore, four spacers can be placed on 
top of the mortar fixing before the first baffle and followed by alternating spacers and baffles. 
The outcome is the requirement for only one type of spacer per mortar setup and, because the 
minimum distance to the first baffle is a function of calibre (1.5x), achieves a greater distance 
between baffles as calibre (and subsequently pressure) increases. 
 

 
Figure 3 - Sketch of Baffle Spacers 

 
Spacers and baffles will be stacked on top of the mortar fixing until the final spacer slightly 
protrudes from the host mortar at which point the whole stack can be fastened down using 
cable ties - a readily available item at most firework setups. The holes around the spacer will 
facilitate this along with four holes around the muzzle of the host mortar. The four holes will 
not hinder the mortars from firing shells and can be easily drilled post manufacture.   
 
Suppressor Components: Baffles 
The baffles will be symmetrical and conical in shape, including a horizontal upper rim that 
can be secured between two spacers (see Figure 4). Because of the restrictions on space, the 
design will incorporate 4 baffles - the minimum suggested within the research. As calibre 
increases so do the internal pressures, therefore baffle spacing will be gradually increased to 
allow for a greater expansion/suppression, which is achieved by the spacers as explained 
above. Based on the visual study of firearm suppressor designs, the baffle angle will be set to 
25° from the wall of the host mortar. The angle, along with the quantity of baffles and baffle 
spacing cannot be regarded as the most effective set of parameters without extensive testing, 
but for now will form the basis of this design and prototype development. 
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Figure 4 - Sketch of Baffle 

 
Suppressor Components: Component Thickness 
The internal suppressor components (baffles, spacers and mortar fixings) will be more 
suitably manufactured from injection moulded HDPE due to its formability and 
characteristics. Research9 has also previously identified that the first baffle will feel the full 
force of the pressure released from the internal mortar and therefore it is essential to ensure 
that baffle strength is adequate. For the purpose of calculations, only the internal pressures for 
cylinder shells will be considered to ensure the system suitable for all types of shell. If we 
take the tensile strength for injection moulded HDPE as 21.4 MPa (MatWeb, 2015), then the 
required baffle thickness can be calculated using the equation below, which has been applied 
to a 75 mm baffle as an example:  
 
 

    
 
Where: P = internal pressure for 75 mm cylinder shell of 579 kPA 
 DL = outside diameter (larger end) of 125 mm 
 θ = angle between baffle and host mortar wall of 25° 
 σh = hoop stress of 21.4 MPa (MatWeb, 2015) 
 t = required wall thickness 
 
 ∴ t  = (579x10³ x 125) / (2cos25)(21.4x10⁶ + 0.4 x 579x10³) 
   = (72.375x10⁶) / (1.8126)(21.6316x10⁶) 
   = 1.846mm 
 
 
It is worth noting that DL will decrease slightly due to the spacer thickness and the required 
baffled rim. In reality P will also be less as a pressure reduction will occur (due to expansion 
and cooling) from the peak internal mortar pressures to the point at which it reaches the first 
baffle. However, these two factors, along with rounding up the calculated value for t, all 
contribute to incorporate a safety tolerance. The process above can be repeated to identify the 
required baffle thicknesses for all mortar sizes as seen in Table 2. Although the spacer and 
fixing components will not necessarily require the same strength, the same wall thickness will 
be applied. 
 
 
 
 
 
 

(2)   (Brundett, 2010) 
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Table 2 - Calculated Component Wall Thicknesses 
Size P 

 (kPa) 
DL 

 (mm) 
Θ 

 (°) 
σh  

(MPa) 
t  

(mm) 
Component thickness  

(mm) 

65 mm 483 100 25 21.4 1.234 1.5 

75 mm 579 125 25 21.4 1.846 2.0 

100 mm 772 150 25 21.4 2.943 3.0 

125 mm 965 175 25 21.4 4.276 4.5 

150 mm 1158 200 25 21.4 5.844 6.0 

 

Component Dimensions and CAD 
The internal length of each mortar is governed by the sum of the suppressor components 
required within. Each length can be determined by following the following process, starting 
from the bottom on the host mortar and working towards the top: 

 
- A nominal amount of 6, 8, 10, 12 or 14 mm (for 65, 75, 100, 125, 150 
mm mortars respectively) to ensure the final spacer extends beyond the 
rim of the host mortar, allowing the spacer holes and mortar holes 
(around the muzzle) to marry up so the stack can be secured down. 
+ 4x Spacers: Each spacer length is calculated as a ¼ of the total 
distance from the top of the internal mortar to the first baffle rim. 
+ 4x The baffle rim/component thickness. 
+ Vertical length of baffle: Distance from baffle outlet to baffle rim - 
calculated using trigonometry and factoring in the thickness of the 
baffle - see example in Figure 5 below. 

 
+ Distance to first baffle outlet: Equal to one and a half times the 
internal diameter of suppressed mortar. 
+ Top mortar fixing: The thickness of the fixing’s lip, which is equal to 
the component thickness. 
+ External length of suppressed mortar: Internal length of suppressed 
mortar plus the thickness of the plug will equal its external length. 
+ Bottom internal mortar fixing: The thickness of the fixing’s lip,  

 which is equal to the component thickness. 

Figure 5 – Calculation of baffle vertical length 
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Thus the process of calculating the internal length of the host mortar is relatively 
straightforward. However, at the moment this process does not factor in any kind of trajectory 
tolerance, which will affect how close the diameter of the baffles can reflect that of the 
internal mortar. Research has identified that shells do not occupy the full bore of the mortar 
and a notable windage gap is present. It is difficult to say exactly what effect this will have on 
trajectory as the shell and mortar are likely to expand during firing. However, one method of 
determining some form of tolerance would be to use simple trigonometry based on the 
maximum angle of trajectory achievable by the windage gap and internal mortar height 
(Figure 6). Using a 75mm shell as an example we can see this method applied (assuming 
internal mortar length is 415 mm). Tan θ = (75 - 68.6) / (415 - 34.3), ∴ θ = 0.96° 
 
Using the possible trajectory of 0.96° we can then calculate the clearance required at the last 
baffle in the stack using the same method (Figure 7). The vertical distance to the last baffle 
being determined by a similar process to that previously explained. For example: 
 

 

θ 

415mm 

34.3mm 

75mm  

θ ई

 
Figure 6 – Calculating maximum angle of 

trajectory 
Figure 7 – Calculating clearance required at 

last baffle 
 
Baffle thickness = 2 mm 
Baffle vertical length = 41.35 mm  
Spacer length = [(1.5 x 75) + 41.35] / 4 = 38.46 mm 
∴ Distance from muzzle to last baffle =  
 (7 x 38.46 mm) + (3 x 2mm) - 41.35 mm = 233.87 mm 
∴ Horizontal tolerance required at last baffle (x) = Tanθ x 233.87 = 3.92 mm 
 
All of the above calculations can be carried out for each size of mortar and collated using 
spreadsheet software. Table 3 displays these results which are the reference point for the 
measurements used in the conceptual design. 
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Table 3 - Design Dimension Calculations 
Internal Diameter (ID) (mm) 65 75 100 125 150 175 200 

Determining Minimum Host Mortar Internal Length 

Internal Mortar Length (IL) (mm) 260.00 398.05 536.10 738.55 961.30 1248.85 1550.50 

External Mortar Length 
(EL) (mm) 
[IL+(0.5xID)] 

292.50 435.55 586.10 801.05 1036.30 1336.35 1650.50 

Component Thickness 
(CT) (mm) 1.50 2.00 3.00 4.50 6.00 n/a n/a 

Min. Clearance to First Baffle 
Outlet (CB) (mm) 
[IDx1.5] 

97.50 112.50 150.00 187.50 225.00 n/a n/a 

Baffle Vertical Length (BL) (mm) 
[(((host ID-ID)/2)-CT-
(cosθxCT))/tanθ] 

31.40 45.44 41.35 35.22 29.08 n/a n/a 

Baffle Vertical Length Incl. 
Trajectory Tolerance (BLT) (mm) 
[(((host ID-ID)/2)-CT-(cosθxCT)-
HC)/tanθ] 

22.77 36.98 33.54 28.82 21.09 n/a n/a 

Spacer Length (SL) (mm) 
[(BLT+CB)/4] 30.08 37.38 45.90 54.10 61.53 n/a n/a 

Min. Host Mortar Internal Length 
(mm) 
[EL+(CTx6)+(SLx8)-y] 

536.10 738.55 961.30 1248.85 1550.50 n/a n/a 

Determining Horizontal Clearance (Trajectory Tolerance) Required at Last Baffle 

Shell Diameter (SD) (mm) 60.00 68.60 93.90 119.40 142.20 n/a n/a 

Distance from Shell Centre to 
Muzzle (SM) (mm) 
[IL-(SD/2)] 

230.00 363.75 489.15 678.85 890.20 n/a n/a 

Max. Angle of Trajectory 
(AT) (rad) 
[tan⁻¹((ID-SD)/SM)] 

0.02174 0.01759 0.01247 0.00825 0.00876 n/a n/a 

Distance between Muzzle and Last 
Baffle Outlet (MB) (mm) 
[(CTx4)+(SLx7)-BL] 

185.13 224.19 291.95 361.48 425.59 n/a n/a 

Horizontal Clearance Required at 
Last Baffle (HC) (mm) 
[(tan(AT))xMB] 

4.02 3.94 3.64 2.98 3.73 n/a n/a 

 
ID= Internal Diameter SD= Shell Diameter 
IL= Internal Length SM= Distance from Shell Centre to Muzzle 
EL= External Length AT= Angle of Trajectory 
CT= Component Thickness MB= Distance between Muzzle & Last Baffle  
CB= Clearance to First Baffle Outlet HC= Horizontal Clearance at Last Baffle 
BL= Baffle Vertical Length θ= 25° 
BLT= Baffle Vertical Length incl. Tolerance y= 6, 8, 10, 12 & 14mm for IDs respectively 
SL= Spacer Length  
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From Table 3 the relevant results can be drawn out to identify the dimensions required in the 
conceptual design. These dimensions are outlined in Table 4 below. 
 

Table 4 - Key Design Dimensions for CAD 
Internal Mortar Diameter 
(mm) 

65 75 100 125 150 175 200 

Mortar Thickness (mm) 2.80 2.80 2.80 2.80 2.80 2.80 2.80 
External Mortar Length (mm) 292.50 436.00 586.50 801.50 1036.50 1336.50 1650.50 
Distance from Muzzle to 
Mortar Securing Hole (mm) 
[(0.5xSL)-y] 

n/a n/a 9.05 10.70 12.95 15.05 16.80 

Spacer Length (mm) 30.10 37.40 45.90 54.10 61.60 n/a n/a 
Spacer Thickness (mm) 1.50 2.00 3.00 4.50 6.00 n/a n/a 
Baffle Vertical Length (mm) 22.77 36.98 33.54 28.82 21.09 n/a n/a 
Baffle Thickness (mm) 1.50 2.00 3.00 4.50 6.00 n/a n/a 
Fixing Thickness (mm) 1.50 2.00 3.00 4.50 6.00 n/a n/a 

 
A CAD package (SolidWorks) was used to design all the relevant suppressor components and 
mortars and create assemblies of the system for each scenario. An exploded view and a cut-
away view haves been produced for each assembly for clarity and a technical drawing 
produced for each component. Figure 8 provides an example of an assembly and cross-
section view. Component drawings for the suppression for a 75 mm mortar are shown in the 
Appendix. 
 

  
Figure 8 - CAD Assembly Example for a 75mm Mortar Suppressor: 

Exploded View and Cross-section View 
 

Sound Pressure Level (SPL) Reduction 
The CAD software used can also output the relevant material volumes for each component 
part, which makes the process of calculating expansion volumes relatively simple. Table 5 
displays each of the part volumes, which are deducted from the host mortar internal volume 
to determine the approximate available expansion in each scenario. 
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Table 5 - Component Volumes and Suppressor Expansion Volumes 

Internal Mortar Diameter (cm) 6.5 7.5 10.0 12.5 15.0 17.5 20.0 

Mortar Volume (MV) (cm³) 174 298 530 900 1393 n/a n/a 

Plug Volume (PV) (cm³) 108 166 393 767 1325 2104 3141 

Fixing Volume (FV) (cm³) 19 45 78 131 194 n/a n/a 

Spacer Volume (SV) (cm³) 9 19.404 42 85 146 n/a n/a 

Baffle Volume (BV) (cm³) 11 29 51 84 111 n/a n/a 

Internal Mortar Volume 
(IV) (cm³) 
[(0.25π xID²)xEL)-PV] 

863 1756 4202 9032 16973 30048 48883 

Approx. Expansion Volume 
(EV) (cm³) 
[host IV-MV-PV-(FVx2)-(SVx8)-
(BVx4)] 

3763 8209 15359 27108 44163 n/a n/a 

Approx. Ratio of Expansion (xIV) 4.36 4.67 3.66 3.00 2.60 n/a n/a 

 

ID= Internal Diameter 
MV= Mortar Volume 
PV= Plug Volume 
FV= Fixing Volume 

SV= Spacer Volume  
BV= Baffle Volume 
IV= Internal Mortar Volume 
EV= Expansion Volume 

 

During expansion temperature will decline, however if we assume temperature remains equal 
during this time we can speculate that the mortar pressure will reduce by the same ratio of 
volume expansion. For example:  
 

 (3) 
 
As previously mentioned in Section 2.1.1, sound pressure is measured according to the 
logarithmic decibel scale, meaning if the pressure is halved then there will be a change of -
6dB. Therefore, according to the expansion ratios above, we can expect an approximate 
reduction in pressure of 2.6 to 4.67 times that of the original pressures corresponding to an 
approximate 16dB to 28dB reduction in SPL. Of course in practice temperature will decrease 
and the baffles will create turbulence and slow the release of pressure so one would expect to 
see greater reductions in SPL than these estimates. 
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TESTING AND RESULTS 
 
Aim 
As indicated, the aim was to measure any sound pressure level reduction when using the 
prototype suppressor and thus testing the effectiveness of the conceptual design. 
 
Hypothesis 
During the previous experiment peak SPL for 75 mm shells was measured at an average of 
126.4 dB. As previously explained, based on the expansion volume alone, a reduction of 16 
dB - 27.5 dB could be expected. Although, due to quality of the prototype and the 
compromises made, any reduction is expected to be towards the lower end of this estimate. 
The prototype should be enough however, to clearly demonstrate a pattern of sound 
suppression during the launch phase of 75 mm shells. 
 
Method 
The mortar rack and prototype were secured vertically in a wide open field, away from any 
buildings or roads. Each shell was prepared by carefully removing the quickmatch leader (to 
avoid quickmatch ignition distorting results) and securing the electric igniter directly into the 
lift charge. 
 
Five shells were to be fired and recorded from normal unsuppressed mortars to provide a 
reliable comparison for that day, and then five shells fired from the prototype. Five of the test 
shells were orientated correctly in the 75 mm rack and one 75 mm shell was loaded into the 
prototype. After each prototype firing a cooling off period of at least 15 minutes would be 
allowed to pass before reloading. Reloading was achieved by loosening the ratchet strap, 
removing the top section of the prototype, removing any debris from the inner 75 mm mortar, 
loading the next 75 mm shell and then reattaching the top section of the prototype. 
 
All electric igniters were wired into the field module. The firing system cable was run from 
the field module to its full length of 100 ft where the firing panel was positioned. All circuits 
were checked for continuity once the firing area was clear of personnel. 
 
The sound level meter was positioned 30 m downwind of the firing site and elevated 1.5 m 
above ground level (the approximate height of a person’s ear). Recording was initiated before 
the lift of each shell and stopped before the burst of each shell. This was to avoid any burst 
SPLs distorting results. The weather that day was clear, 12°C, and 3 m/s South-Easterly 
winds. 
 
Results and Observations 
Table 6 displays the test results obtained from the sound meter for every test. Figure 9 display 
average peak SPL and a comparison between each scenario. 
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Table 6 - Prototype Test Results 
 LAeq (dB) LCeq (dB) LAFmax (dB) LCpk (dB) LC-Aeq (dB) 
Unsuppressed Test 1 76.5 86.3 96.9 124.7 9.8 
Unsuppressed Test 2 81.3 90.7 97.2 125.0 9.4 
Unsuppressed Test 3 81.9 91.3 99.3 129.0 9.4 
Unsuppressed Test 4 80.9 92.0 96.4 124.9 11.1 
Unsuppressed Test 5 83.6 92.8 98.0 126.7 9.2 
Unsuppressed Average ------ ------ ------ 126.1 ------ 
Prototype Test 1 66.5 73.6 86.4 110.0 7.1 
Prototype Test 2 70.0 78.5 90.1 115.8 8.5 
Prototype Test 3 76.0 82.1 91.6 116.7 6.1 
Prototype Average ------ ------ ------ 114.2 ------ 
  
Prototype Test 4 Discounted 
Prototype Test 5 Not completed 
 

 
Figure 9 - Graph to Show Unsuppressed and Prototype Launch SPL at a Distance of 30m 

 
Unfortunately the first prototype test caused significant damaged to the baffles. Subsequent 
tests caused further damage until Test 4 resulted in complete failure9. Test 4 was discounted 
and Test 5 could not be completed. 
 
Despite the damage however, it was observed that all shells lifted cleanly from the prototype 
in Tests 1-4 and did not strike the baffles, thus suggesting the force of the gases was the cause 
of the damage. It was also observed that the first two baffles were the worst effected, with the 
final baffle suffering little to no damage. Post firing inspection revealed blackening to the 
outside of the inner 75 mm mortar and an increase in temperature, suggesting the expansion 
chamber was being filled with explosion gases. Compared to the unsuppressed tests, the 
release of smoke and gases appeared to be slightly delayed, suggesting that the prototype was 
slowing the release of gases. To the ear it was clear that the prototype tests were significantly 
quieter and more on par with the noise produced from the burst charge of a quiet shell.  
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Evaluation 
When carrying out this testing, slightly larger sample sizes were used compared to the 
previous experiment in order to obtain more reliable averages, but unfortunately the quality 
of the prototype prevented all tests from being carried out. In the previous experimental 
research, average peak SPL for 75 mm shell launches was measured at 126.4 dB and in fact a 
very similar result was obtained here at 126.1 dB. The results from the prototype tests are 
harder to assess due to the fact that the effectiveness of the prototype would have 
progressively gotten worse as it sustained more damage with each test. However, even the 
average of 114.2 dB yielded from 3 tests was a significant 12 dB reduction. Albeit not the 
predicted amount of suppression, the prototype still reduced the release pressure to 
approximately a quarter of its original value.3 If we look at Prototype Test 1 in isolation, 
when the prototype can be assumed to be functioning at its best, the reduction was greater at 
an SPL of 110 dB. This was a reduction of slightly over 16 dB and at the lower end of the 
predicted level of suppression. Determining meaningful findings from this experiment is 
difficult due to the limitations of the prototype. The baffles were slightly thinner than the 
design at 1.5 mm (instead of 2 mm) and could have been made from a much weaker plastic 
than the intended HDPE. As a result the strength of the baffles was simply not sufficient; 
explosion gases being enough to break apart the first baffle after just one test. The two-
section construction of the prototype was also a weakness as it placed a lot of pressure where 
the two sections met and the ratchet strap holding them together. This created movement 
during the launch and eventually was not enough to keep the prototype together. Considering 
the build quality of the prototype, the experiment did yield a promising result and 
demonstrated the concept is definitely effective. Observations and test results do indicate that 
the gases were effectively filling the expansion chamber and being released slower than 
usual. 
 
 

DISCUSSION 
 
Given the financial means, more shells could have been tested, thus increasing the validity of 
the results, and the prototype could have been made to a much higher standard. This would 
have more closely reflected the design and been able to withstand multiple tests. Similarly, 
with an increased time frame, further experiments could have been carried out to identify the 
most effective parameters and improve the design. 
 
The magnitude of the noise generated from the launch of shells was determined by 
experimental means and supported by a third party experiment. The discovery that launch 
SPL was higher than that of a shell burst (even for hard-breaking shells) further substantiated 
the project rationale. However, the preliminary experiment did fail to fully identify a 
“reasonable target for noise reduction” as specified in the objective. Although, later research 
would provide a guide to the noise reduction that could be expected, in hindsight a target 
could have been based upon the SPL produced from the burst of quiet shells. The motive 
being that, for the purposes of venues that require quiet fireworks, there might be little point 
in reducing launch SPL below that of quiet shell bursts. Instead the project progressed on the 
premise that the maximum suppression should be sought with the fairly arbitrary target of 
<100 dB as specified in the PDS. 
Existing suppressor technology research was most helpful. It provided specific details in 
order to achieve good suppression, such as the various techniques and recommended 
                                                             
3 Based on research that twice the pressure results in a 6dB increase (Engineeringtoolbox.com, 2010). Thus, a 12dB 
reduction is an indication of the pressure being halved and halved again. 
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dimensions, along with the associated consequences, including velocity changes and expected 
sound reduction levels. All of these aspects contributed to the conceptual design. Although 
the aforementioned velocity changes were very small, this was checked using the ShellCalc© 
software and found to have an insignificant effect on fallout trajectory. 
 
Research into industry practices and equipment really set the boundaries and limitations of 
the design. Due to the size an effective mortar suppressor has to be, the practicalities involved 
in industry integration is its biggest limitation. The only real sensible solution to the problem 
was to incorporate the use of other, larger mortars resulting in a shape and size that would be 
tolerable in practice and achieve the maximum suppression possible. The concept avoids 
potential complications caused with a top-mounted attachable device. Material selection was 
driven by the behaviour of materials when shell malfunctions occur and research into 
manufacturing methods helped identify suitable processes, which were later used to aid cost 
estimations. 
 
The final project stages involved conceptual design and prototype development and testing. 
Performance aside, it has to be acknowledged that the most successful aspect of the design is 
in its minimalist and simplistic component form. Having been led by research, the solution 
offers many benefits, the main of which are detailed in Table 7 below. 
 

Table 7 - Conceptual Design Benefits 
Cost Within the limits specified by the PDS. Utilises other mortars which can be used by themselves under 

normal circumstances and could help justify investment. 

Environment Suitable for all weather conditions. 
Will withstand the required momentary high temperatures and pressures for both spherical and 
cylindrical shells 

Aesthetics No difference to existing mortars when setup. Simple and robust. 

Corrosion Provides resistance to the corrosive effects of blackpowder residue. 
Resistant to water ingress from weather conditions, ground moisture or the by-product of combustion. 

Ergonomics Easy to store and takes up little space in dismantled form. 
Easy to set-up/dismantle by one person 
Only three distinct, different coloured components reducing set-up time and mistakes. 

Safety Components do not have any sharp protrusions. 
In the event of malfunction material fragments will present a relatively low hazard. 
Do not impair trajectory causing any fallout trajectory concerns. 

Maintenance Only occasional cleaning required. 
Component design allows access for cleaning and maintenance. 
Parts can be easily replaced. 

Baffles The most popular and successful suppressive technique creates turbulence and slows the release of 
gasses. 
Incorporates 4 baffles within space limitations - the recommended minimum. 

Spacers Increases surface area to aid temperature reduction via heat sinking. 
Maintains muzzle to baffle outlet clearance of 1.5x mortar diameter. 

Fixing Secure two-point fixing in an all-encompassing design ensures security. 

Manufacture Simple components using readily available materials and requiring well established manufacturing 
techniques.  

Packing Takes up little space in component form requiring less packaging and reducing transportation costs, 
both of which are environmentally beneficial. 

All of the aspects detailed in Table 8 help successfully achieve the requirements set out in the 
PDS and those identified within the research. However, the concept does have some 
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drawbacks that are worth mentioning. Firstly, although the design does account for the 
pressures produced by heavier cylinder shells, it does not account for ‘shell tumbling’, which 
can occur with this type of shell as it leaves the internal mortar, a problem that is overcome in 
firearms by spinning the bullet along its axis. This concept could not really be applied to 
cylindrical shells, but a method of guiding the shell through the suppressor may be preferred. 
Secondly, the pressure values used in calculations have, in some cases, led to very thick 
component parts. For instance, in the case of suppressing the sound from the launching of 
150 mm shells, a 6 mm baffle thickness is required. Once angular dispersion has been 
factored the baffle becomes a very short baffle, which can be seen in the CAD assembly 
images in Appendix 7 of the thesis. This is only an issue with 150 mm and possibly 125 mm 
shells, but will affect the level of suppression in these instances. 
 
Additionally, the total size and weight of the product is substantial. Although it could be 
argued that the values fall within the limits of the PDS, in practical terms they might not be 
ideal. This was always going to be the case however, in order to achieve any sensible level of 
sound reduction. It seems that there will always be a fine line between the practicalities and 
effective suppression.  
 
Research indicated that, due to the complex nature of the reactions taking place within the 
system and the fact that they were an impulse event rather than a steady-state event, 
mathematical modelling would be of limited value and placed more emphasis on testing to 
achieve results. Unfortunately however, it has to be said that the main weakness of the project 
was in fact testing. It has been mentioned that a lack of resources had a detrimental effect in 
this respect, which resulted in small sample sizes and a prototype that was not of a sufficient 
build quality. The prototype baffles failed to reflect the design in terms of their angle, 
thickness and material. The latter of which is considered to be the main reason for their 
failure. It is difficult to know exactly how they behaved during the launch phase, but as 
mentioned in the testing evaluation, all shells lifted cleanly from the suppressor indicating the 
pressurised gases were enough to cause the damage. 
 
A more sufficient prototype would of course been preferred and allowed for more tests to be 
carried out. However, given the resources, other forms of experimental analysis could have 
been explored. For example, a more complex testing rig could have included a compressor 
with a dump valve to simulate a similar effect. This may have allowed for repeatable testing 
and the chance to make minor adjustments to the number of baffles, baffle angle and baffle 
spacing in order to find the most effective settings. 
 
Despite its shortcomings, it is worth noting that the prototype did generate some results 
before becoming unusable and did demonstrate a reduction of at least 12 dB. This is a 
significant outcome as it does prove that the concept is successful. The validity of these 
results should not be in any doubt as the concept has been developed upon tried and tested 
methods of suppression in other industries. It is not a question of whether suppression can be 
achieved, but by how much. Literature research indicated a reasonable reduction target of 30 
dB based on the performance of successful firearm suppressors, but separately the expansion 
volumes available in the design suggested a possible reduction of 16 dB – 28 dB. A 30 dB 
reduction might be ambitious as the tolerances associated with firearms are a lot smaller and 
the expansion ratios are greater. It brings into context the target of <100 dB specified in the 
PDS from SPL levels recorded at up to 136 dB. The predicted performance of 16 dB – 28 dB 
was more realistic and a result that fell within this window would have been considered a 
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great success. Although 12 dB fell short, the first test result of 110 dB (16 dB attenuation) 
was encouraging. It might be fair to assume that, with a more adequate prototype of the 
current design, further reduction would be seen. At this stage it is difficult to say what 
reduction is possible without extensive testing to determine the most effective parameters, but 
the project has already demonstrated promising results. 
 
 

CONCLUSIONS 
 
It could be argued that the project objectives were weighted too heavily on literature research, 
when it seems a key element of the product success is achieved through extensive testing. 
However, this was only fully realised during the course of the project and there is only so 
much that can be achieved with the resources and time available. 
 
The conceptual design has particular strengths in the way it integrates with industries existing 
methods and equipment. The utilisation of standard mortars, albeit slightly modified ones, as 
the main external structure brings the many benefits as outlined in the discussion and satisfies 
the requirements of the PDS. If the concept could have been adapted to effectively work with 
a company’s existing mortars then the economic benefits would be even greater, but the 
space and volume restrictions significantly reduce the suppression capabilities. 
 
Of course there is also a limit to the amount of suppression possible without the product 
becoming too large and unmanageable and the project has succeeded in establishing and 
working within the limits of practicability. However, the level of experimentation has been a 
weakness and now further product testing is required to arrive at the most effective set of 
parameters, including baffle quantity, spacing, angle, and tolerances. 
 
There is no question that the concept does work and, as it is, the product design will suppress 
sound generated during the launch phase of shells. The degree of this suppression is unclear, 
but further testing will confirm and maximise the suppression potential. If up to a 16 dB 
reduction can be achieved with a slightly inadequate prototype then further suppression can 
be expected from a more accurate representation of the design and further still with the 
correct set of parameters. Numerically it might not seem much compared to the original 
sound levels, but in reality it is a significant sound reduction, demonstrating the product is a 
viable and marketable concept for the use of quiet shells at noise sensitive venues and/or 
when launch noise interferes with firework choreography. 
 
 

RECOMMENDATIONS FOR FURTHER WORK 
 
It goes without saying that further experimentation is required for the product to progress and 
finite element analysis (FEA) could be implemented to reduce the level of testing required. 
Identifying the most appropriate settings, such as baffle angle and spacing etc. is essential. 
However, baffle shape could also be explored and the incorporation of curved, conical baffles 
could be beneficial. Additionally, the exploration of other techniques should be considered, 
such as the inclusion of absorptive materials to create sound wave retardation as seen in other 
muffler/suppressor designs. 
 
One of the major problems with the development of a firework mortar suppressor is the 
relatively large windage gap between shell and mortar wall. This effects trajectory angle and 
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requires a baffle tolerance to avoid contact. Coupled with thick component parts, the baffles 
become too short as mentioned previously in the Discussion. To overcome this, a method of 
guidance through the baffles, for example a ported tube or vertical rails, would guarantee no 
shell-to-baffle contact and enable the baffles to fit as closely as possible to the mortar bore to 
achieve the maximum effect. Such a method would also have the added benefit of providing 
fixing points at the baffle outlets (narrow end), increasing baffle strength and thus reducing 
component thickness. The concept would also overcome concerns over shell tumbling when 
firing cylinder shells.  
 
If the current design concept could be achieved without adapted mortars, e.g. using a 
company’s existing mortars, then the economical and marketable benefits would be 
significant. 
 
Once the most effective mortar suppressor has been developed the same concept could be 
applied to other fireworks of a certain structure. These may include roman candles, single 
shot roman candles, mines and pre-tubed mines. Often the only audible noise produced from 
these types of fireworks is the initial launch itself and so would be ideally suited to the 
concept. The launch noise from cakes or shot-tube batteries would also be possible to 
suppress, but would be much more difficult to implement. The concept would have to be 
manufactured into the product at source, which would inevitably increase product size and 
shipping costs. 
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APPENDIX 
 

 
Figure 1A - CAD Technical Drawing Examples for 75mm Mortar Suppressor Parts: 

Mortar Fixing 
 

 
Figure 2A - CAD Technical Drawing Examples for 75mm Mortar Suppressor Parts: 

Mortar and Plug 
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Figure 9 - CAD Technical Drawing Examples for 75mm Mortar Suppressor Parts: 

Spacer 
 

  
Figure 9 - CAD Technical Drawing Examples for 75mm Mortar Suppressor Parts: 

Baffle 
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ABSTRACT 
 

As soon as the first recipes of black powder were known in Europe in the thirteenth century, 
they found military applications and the Kingdom of France was not the last to do so. 
Quickly, as many of the other European sovereigns, the kings of France invited their best 
gunners to organize shows during which black powder based weapons would be used to 
mimic their victories or demonstrate their power. Festive applications of black powder and its 
derivatives have quickly found their place in the French traditions, leading artificers to 
innovate and develop specific fireworks that were no longer designed for warfare but only for 
entertainment and pleasure. 
 
The present paper relates the history of festive fireworks in France from the early ages of the 
thirteenth century to the end of the nineteenth century when the 14th of July was established as 
the French National Day. Among the various aspects of this history, the following topics are 
developed: the state of the art of the fireworks that were commonly used at the beginning of 
the seventeenth century, the philosophers’ interest for artificial fires and artificers’ skills as 
well as some main firework shows and the pleasure gardens of the eighteenth century, the 
beginnings of a scientific approach of fireworks and the development of colors in the early 
1800s, and the entrance of fireworks in the industrial era in the second part of the nineteenth 
century. 
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INTRODUCTION: THE FIRST AGES 
 

It is commonly reported that the first big fireworks show which was fired in France occurred 
on April 7th, 1612 on the occasion of the marriage between King Louis XIII and Ann of 
Austria. This show is considered to be the outcome of a long incubation period for artificial 
fires, which started on August 26th, 1346 when Philippe IV de Valois, King of France, was 
defeated by Edward III, King of England, who is said to have used some "bombardes" to scare 
his opponents with showers of bullets and fire together with loud noises. Though this fact may 
be a legend, "bombardes" had already been by use in the French King's army since 1324. 
 
Black powder was known in Europe when the English monk Roger Bacon (c. 1214 - 1293) 
described a similar mixture in his “Opus Majus”. It is more than likely that such recipe had 
been brought several years before from China to Europe by merchants who were travelling 
more and more towards East Asia as would do the Venetian Marco Polo (1254 - 1324) in 
1271. Marco Polo is often said to have imported the art of fireworks in Europe, but historians 
have found that, at that time, the effects of Chinese fireworks were mainly flashes and bangs, 
used to scare enemies and evil spirits or designed for festive purposes. So, Marco Polo may 
have only imported firecrackers and their festive use as a peaceful alternative to military 
applications of black powder. 
 
What is certain is that the aural and visual effects of black powder inspired quite quickly their 
use in commemorations of the victories of the sovereigns of the late Middle Ages. Such 
commemorations mimicked the battlefield by artillery and, somewhat later, rocket firings. 
Vannoccio Biringuccio (1480 - c. 1539) in his “De la Pirotechnia”1 and Jean Appier-Hanzelet 
(1596 - 1647) in his “La Pyrotechnie”2, respectively in Italy and France, give examples of 
such uses of artillery and rockets, as well as of other military “artificial fires” (as they will be 
commonly called) such as fire tubes, compositions burning in pieces of pottery, and projected 
flaming balls. 
 
From commemorations of victories, the use of artificial fires would quickly be extended to 
religious feasts and celebrations of royal births and weddings, as well as demonstrations of the 
power of kings and popes to impress their subjects and, even more, the foreign ambassadors 
and the other sovereigns! 
 
It must be remembered that the symbolic meaning of fire in the European culture of that time, 
had mixed the ancient beliefs of the polytheist paganisms with the new Christian faith and 
dogmas. Fire is the expression of the power of Nature, one of the four elements (together with 
air, earth and water), which may be strongly destructive and harmful, but also useful and vital 
when domesticated by man to heat his houses and cook his food. Fire is also the expression of 
God when He chooses to talk to humans as He did to Moses through the burning bush or to 
prophets through flashes and thunder (the “celestial fires”). Likewise, St John's Apocalypse 
predicts that the stars of heaven will fall to the Earth in a deluge of fire at the end of times and 
it is well known that the medieval people were very much impressed by this prediction that 
reminded them of the weakness of human nature. 
 
It may also be remembered that travelers and sailors prayed to Saint Barbara to protect them 
in stormy weathers when the celestial fires were flashing and thundering all around them. 
Then Saint Barbara became the patron saint of gunners and artificers who mastered and 
controlled the artificial fires! 
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For these reasons, the first non-military figures in the fireworks displays of the fifteenth and 
sixteenth centuries took the shape of dragons and other types of mythological beasts spitting 
huge “tongues” of artificial fire, looking like the gargoyles of the medieval cathedrals 
(Figure 1). 
 

  
Figure 1 - Babington's Dragon of Fire3 and gargoyles of the Cathedral of Rouen 

 
Other main features of these displays were the “girandolas”, first experienced in Italy over 
Castel Sant' Angelo in Rome and quickly adopted by French artificers who called them 
“grandes girandes”, which prefigure the “bouquets” of our modern times. Such “girandes” 
were not necessarily spinning and often consisted in firing in one shot a large number of 
rockets which exploded and spread in the air quantities of burning stars that fell towards the 
ground in huge showers of fire (Figure 2). 
 
Rockets were invented very early in the history of artificial fires for warfare and festivals. In 
their festive version, they were loaded with plenty of “stars”, which had also been invented at 
the same period to mimic the falling stars (hence their name) and were made of pyrotechnic 
composition “packed into a ball and wound tightly round with packthread, given a fuse, and 
placed in the head of a rocket”4. 
 

  
Figure 2 - Girandoles (left: engraving by Nicolaus van Aelst, 1579 — right: unknown  

French engraver, 17th century) 
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Various recipes of compositions specially designed for stars were developed and some of 
them have travelled the ages till today, thanks to practical handbooks which were written at 
the beginning of the seventeenth century. An example is given in Figure 3, taken from “La 
Pyrotechnie”2 written by Jean Appier-Hanzelet in 1630. 
 
“Another composition for star — Take ten ‘onces’ of fine and dry powdered saltpeter, two 
‘tréseaux’ each of charcoal, sulfur, black powder, antimony, camphor. Wet the whole with 
turpentine oil, and make a powdery paste which you will place into small cartridges, and 
load them in the same manner as rockets. When you want to use them, you will have to 
remove the encircling paper, place in the middle a small match into a small hole you will 
drill into it.” 
 
Note: ‘once’ and ‘tréseau’ were units of weight that were used in France before the creation 
of the metric system; ‘once’ = 8 ‘tréseaux’ and its value varied from one province to another, 
between 24,6 et 33,6 grams. 
 

 
Figure 3 - Recipe of a composition for stars (1630) 

 
Fire was also widely used by alchemists in their search of the Philosopher's Stone. As 
developed later by the French monk Antoine-Joseph Pernety, they identified four grades of 
fire5. The “elementary fire” was the fire that was burning in their stoves as well as fires that 
were produced by the reactions between the elements they mixed in their vessels. The “secret 
fire” was responsible of the changes that appeared in the elements or corrupted them during 
their experiments and was supposed to be spiritual and then external to matter (saltpeter was 
considered as one of its “precursors” by some alchemists, but others pretended that it 
emanated from them!). The “central fire” was assumed to be hidden at the very center of 
matter where it could have been placed by God's Will. The “celestial fire” (see above) was 
the fiery power of God's Will, “gentle and known only by its operations”5. 
 
The “science” of alchemists of the fifteenth and sixteenth centuries had a strong influence on 
the artificial fires of that time. Various recipes of compositions were developed by adding to 
black powder or using in association with it some of the elements’ reactional properties – or 
the "power" – of which had been previously experienced by alchemists. No doubt that 
alchemists and artificers had shared a similar passion for these artificial fires that revealed the 
powers of Nature and the immanence of God's Will, these artificial fires that could be 
observed in the alchemists' retorts and might have inspired new effects to artificers. In 1751, 
some few years before the discoveries of Antoine Lavoisier, Paul-Jacques Malouin still wrote 
in “L'Encyclopédie” of Diderot that alchemy was “the chemistry of the subtlest kind which 
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allows one to observe extraordinary chemical operations at a more rapid pace-ones that 
require a long time for nature to produce”6. 
 
Firework shows made large use of “machine” – “machines” in French and English – which 
first appeared in Italy in the fifteenth century and the art of which was quickly adopted by 
most of artificers all over Europe in the fifteenth and sixteenth centuries. Those machines 
consisted of big wooden frames covered with sheets of canvas painted in trompe-l'oeil 
techniques, which represented temples or colonnades, small palaces or castles, ships, 
allegories ... as well as natural scenes such as rocks and cascades, mountains and, indeed, 
volcanoes. Some parts were mobile by means of hidden mechanisms. Pyrotechnic effects 
were ignited and launched from inside, so that the artificers were hidden from the view of the 
audience during the show. 
 
Those machines were intended to be the scenery of stories that were told and played by 
actors while the fireworks were fired in huge amounts of lights, sounds and smokes. 
 
Most of artificers were military gunners, used to the effects of black powders and artillery, 
experts in the preparation, setting and firing of those various fireworks that took birth in this 
early period of the history of European pyrotechny. Unfortunately, the names of these 
gunners are most often unknown as are the authors of the few manuscripts that remain from 
that time and that some of them wrote to fix their art. However they may have been well 
considered by the nobility and their court as can be deducted from Vannoccio Biringuccio's 
descriptions of some big firework shows of his time where he calls them “maestro”1. 
 
All the above description of the first ages of fireworks not only covers the art of artificial 
fires in France, but also in the various kingdoms, principalities and republics that existed in 
the territories of the actual Italy (including the Papal States), Spain, Germany and Great 
Britain. Italy may have been the place where innovation was the most active and the art of 
fireworks in France took quick benefits in adopting Italian techniques. This French interest in 
Italian fireworks was to persist over 150 years as presented later. 
 
 

THE SEVENTEENTH CENTURY 
 

At the beginning of the seventeenth century, most of the types of fireworks that are used 
today had already been invented by the European artificers, including the multi-stage rocket 
by the Austrian military engineer Conrad Haas between 1529 and 1556. Several technical 
handbooks were written in the first 50 years of the seventeenth century which witness the 
inventive spirit of the artificers of the first ages. Let us mention “Pyrotechnia, a Discourse of 
artificiall Fire Workes”3 written by the English gunner John Babington in 1635, “Prattica 
Manuale dell"Artiglieria (...) di Fuochi Artificiali; e di varif secreti (...)”7 by the Italian 
artificers Filippo Ghisolfi and Giovanni Battista Bidelli in 1641 and, in France, “La 
pyrotechnie de Hanzelet”2 by the French military engineer and engraver Jean Appier-
Hanzelet in 1630 and “Pratique de la guerre, contenant l'usage de l'artillerie, bombes & 
mortiers, feux artificiels et petards (...) & à la fin des feux de joye”8 by the English engineer 
Francis Malthus in 1650. 
 
Although the two first publications have a real historical and technical interest and because 
the present paper deals with the history of fireworks in France, we will only focus on the third 
one. Let us flip through its pages: our attention is quickly captured by various engraved 
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figures that are reproduced in Figures 4 to 13 and show typical fireworks that had been 
currently used in displays for one to two centuries. A dense text is linked to each figure and 
explains with many details what parts and compositions each firework is made of, how it must 
be manufactured, what types of tools must be used. 
 
The first fireworks which are mentioned are rockets (“fusées”): in Figure 4, it can be noticed 
that the pressed composition of the rocket motor has a conical bore to increase the burning 
surface; the nozzle is obtained by choking the cardboard tube with a tightly coiled and tied 
string; at the top end of the rocket, the effect charge is placed and separated from the pressed 
composition of the motor by a cardboard disk; a match intended to transmit fire to the effect 
charge goes through that disk. 
 

 
Figure 4 - Rocket 

 
The effect charge may be a maroon as represented on Figure 4 or some handfuls of stars 
(“étoiles”), serpents (“serpenteaux”), fire tubes, crackers (“pétereaux”)… as can be seen in 
Figure 5.1. The rockets are stabilized by means of a stick of light wood (e.g. fir-tree), 6 to 8 
times longer than the rocket case, tightly secured to it. 
 
Figure 5.2 shows a typical workshop for the manufacturing of rockets and the tools used: the 
mortar and pestle to mix the compositions, the hammer to press compositions into the rocket 
case, the conical needle to shape the conical bore into the pressed composition, the wooden 
block on which the rocket case is placed when the composition is hammered into the rocket 
body. The worker represented in that figure is tightening the string around the rocket case to 
choke it in the shape of a nozzle: one end of the string is tied to a ring fixed to the wall and the 
other end is tied to the worker's belt so that the tension of the string is maintained. 
 

  
5.1 – Rockets and effects 5.2 – Rocket manufacturing 

Figure 5 - Rockets 
 
Figure 6.1 shows a copper gun (A) and a wooden mortar (B) strengthened by two steel rings, 
one at its base, the second at its muzzle. These are respectively intended to throw burning 
stars ending with a report (“étoiles pétantes”) and burning halls at the surface of water 
(“balles bruslantes en l'eau”). It must be noted that no delay fuses are used and that the 
projectiles are ignited inside the gun or the mortar at the same time they are ejected. 
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6.1 – Mortar and gun throwing 

burning balls and stars 
6.2 – Burning balls on and under 

the surface of water 
Figure 6 - Mortars, guns and aquatic fireworks 

 
In Figure 6.2, an artificer drops by hand ignited balls that can burn on and under the surface of 
water (here a ditch that surrounds a castle or the rampart of a city), the same balls that were 
thrown from the wooden mortar of Figure 6.1. 
 
A girandole (“girandelle”) is shown in Figure 7.1. Jean Appier-Hanzelet limits the use of that 
word to describe a spinning machine equipped with rockets that are tied at the periphery of a 
wooden wheel placed horizontally so that it can turn around a vertical axis. The rockets are 
intended to burn successively and, for that purpose, they are linked by protected pieces of 
black match which transmit fire from one rocket to another in a continuous sequence. On the 
wheel are also placed, at equal intervals, boxes containing serpents or stars like our batteries 
and combinations which are ignited in a sequence at the same time as fire is transmitted to the 
next rocket. Index A shows an empty box and its conical cap, index B a ready-to-fire loaded 
box (see also indexes C and D in Figure 7.2). 
 

 

 
7.2 – “Coutelats” and “Rondaches” 

 
7.1 – “Girandelle” 7.3 – “Rondaches” and “Soleils” 

Figure 7 - Combinations and Spinning machines 
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Figures 7.2 and 7.3 show other fireworks that combine boxes of serpents and stars, and fire 
tubes (the ancestors of fountains, see hereafter) or spin like “girandelles”. Other 
arrangements of boxes of serpents and stars are presented on Figure 8. 
 

  
8.1 – “Masse à feu” (Fire club!) 

Throwing burning serpents and stars 
8.2 – “Table ou banc Canelé”  

(Compound firework) 
Figure 8 - Other arrangements of boxes of serpents and stars 

 
Figure 9 shows various types of interesting fireworks. Index A of Figure 9.1 relates to a 
cardboard ball able to roll on the pavement (“Balle roulante sur le pave”) thanks to two 
small rockets which function one after the other: indeed its motion must be quite erratic with 
a spiral effect of the rocket plumes. Index B relates to a rocket at the top of which is set a 
ball of brightly and violently burning composition; the ball is ignited at the same time as the 
rocket motor and the rocket ascends in the air and pours a rain of fire, giving its name to the 
firework: “pluie de feu”. Index C relates to an aquatic firework which floats at the surface of 
the water and is kept in vertical position by means of a lead ballast attached at its bottom by 
a chain; it bears several serpents and stars that are projected in various directions, according 
to what announces its name “balle à eau tirant des coups” (aquatic ball shooting rounds). In 
Figure 9.2 are represented “masses à feu” – or “trompes à feu” from their Italian name 
“trombe di fuoco”1 – that could be translated in English by ‘fire clubs’ or ‘fire horns (or 
trumpets)’ and were simply called ‘fire tubes’ by the American translators of Biringuccio9! 
All these fireworks are intended to be held by hand. Index G corresponds to a kind of three-
shot Roman candle: each ‘fireball’ is equipped with a delay fuse that crosses it and is made 
of black powder pressed in a tinplate tube. Index B relates to a kind of fountain the tube of 
which is drilled at equal intervals: a pyrotechnic unit (index M) is inserted in each hole to 
transmit fire to small conically-capped tubes containing serpents and stars which can be seen 
aligned along the main tube. The firework of Index D is also a kind of fountain equipped 
with a lot of serpents that are placed in holes drilled in its tube at an angle of 45°. When the 
combustion gains through the fountain composition, it ignites the serpents which then eject 
in a sequence and in the shape of a bunch of flowers. By analogy, this last firework is called 
“hérisson” (hedgehog) 



350 

 

  
9.1 – “Balle roulante sur le pavé” 
“Pluie de feu” and “Balles à eau” 

9.2 – “Trompes à feu” 

Figure 9 - Other fireworks 
 
Variants of “trompes à feu” are “lances à feu” (fire spears or pikes), specially designed for 
night combat simulations. As can be seen on Figure 10.1, they consist in setting at the top end 
of spears wooden tubes containing clusters of rockets (Index A) or a succession of mines 
(Index C) or a fountain-type pressed composition that transmits fire to a succession of bangers 
placed all around the main tube (Index B). 
 

  
10.1 – “Lances à feu” 10.2 – Line rockets 

Figure 10 - “Lances à feu” and line rockets 
 
Figure 10.2 shows line rockets (“courantins”) which were used to move figures such as 
dragons or firebirds along lines stretched between two buildings. Index S relates to a 
combination of rockets assembled head to tail so that the figures would move to and fro along 
the line. 
 
Last but no least were the “pots-à-feu” (fire pots) shown on Figure 11 in their military version 
and also commonly used in firework displays of that time. At the same time, Francis Malthus, 
English engineer who went to France to serve King Louis XIII as “Commissaire Général des 
Feux & Artifices de l'Artillerie de France” (General Superintendent of Artificial Fires of the 
Artillery of France), gives similar information and descriptions in his handbook “Pratique de la 
guerre, contenant l'usage de l'artillerie, bombes & mortiers, feux artificiels et petards (...) & à 
la fin des feux de joye” he published in 1650. Some complementary figures extracted from that 
book show the various tools that were used to make rockets (Figure 12) and shells and their 
mortars, and batteries used to launch serpents and “saucissons volants” (flying ‘sausages’) 
(Figure 13) 
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Figure 11 – “Pots-à-feu” 

 

 
Figure 12 - Rocket and tools for its manufacturing 

 

 
Figure 13 - Shells and  mortars , batteries of serpents and “saucissons volants” 

 
Figure 14 illustrates the use that was made of some of the above articles in firework shows. 
Called “Les Lys foudroyants” (the lightning lilies), this show was fired on Saint Louis Day – 
August 25th, 1644 – in Paris, in the presence of the young King Louis XIV. We can see the 
artificer, whose name – Messire de Lespinasse – has crossed the centuries until now, holding in 
his hand a fire tube and some serpents fired from his bat. The spiral trajectories of serpents show 
the very large use that was made of that firework type in the sixteenth century. 
 
As already stated in the introduction, the sixteenth century began with the first big firework 
show which was fired in France. On April 7th, 1612 King Louis XIII married Ann of Austria 
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with great pomp and ceremony and, on this occasion, it was important to show the growing 
power of the French monarchy. It must be remembered that the king's mother was Queen 
Mary, the sixth daughter of Francesco I de Medici, Grand Duke of Tuscany, and this Italian 
origin may have influenced the taste of the French sovereigns for huge firework shows which 
will characterize the coming sixteenth and seventeenth centuries. 
 

 
Figure 14 - Firework show of August 25th, 1644 (Palais Royal, Paris) 

 
Figure 15 shows the picture which was engraved by Jan Ziarnko to keep forever in memory 
this important event. The firework show took place in Place Royale (today “Place des 
Vosges”) over the “Palais de la Félicité” (Palace of Bliss), a temporary construction which 
was specially built for that purpose. 
 

 
Figure 15 - Firework show of April 5th, 1612 (Place Royale, Paris) 

 
During the reign of Louis XIV – the ‘Sun King’ (“Roi Soleil”) — which has been the apogee 
of the French royal dynasty, firework shows were frequently fired not only in Paris to 
celebrate important events, but also in the recently built palace in Versailles where festivals 
were periodically organized on various mythological themes, during which tales were played 
by actors and huge quantities of fireworks were fired. Figure 16 shows a representation of the 
girandole – or “bouquet” – that was fired on the firth day of a firework festival in the gardens 
of the Palace of Versailles, in the presence of the king, his family and his court. 
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Figure 16 - Fifth day of a firework festival in Versailles (1674) 

 
Artificers became more and more skilled and inventive. The best ones were given the title and 
office of "artificiers du Roi" (King's artificer). Following Francis Malthus, the following 
artificers of the seventeenth century have remained engraved in professional memories: 
Horace Morel, Georges Buffequin (also a painter), Denis Caresme and Robert Guérin. 
 
 

THE EIGHTEENTH CENTURY10 
 
Frézier, Perrinet d'Orval and the brothers Ruggieri 
As already mentioned, theatrical techniques were applied, from the very beginning, in the 
festive applications of pyrotechnics, in association with fireworks to make the shows more 
impressive so as to increase the prestige of the sovereigns and noble persons who ordered the 
shows. Architects were involved in the design of more and more imposing and sophisticated 
scenery which was enlightened and enhanced by fireworks in such manner that it became the 
most attractive part of the shows. The reputation and fame of architects grew and grew, while 
ranking artificers at the level of stooges, indeed preferably skilled stooges! In spite of the 
variety of fireworks types that were already available, the effects were limited to bright flames 
and traces, bunches of sparks and glitters, bangs and smoke, but colors were poor and mainly 
limited to silverish whites, glowing yellows, pink reds and pale blues. After multiple 
unsuccessful attempts, green was still to be discovered. Then fireworks were in a very weak 
position to compete with the inventive designs of architects and this situation raised a big 
challenge for the artificers who were attracted by the brilliance and fame of the Court of Louis 
XIV, the King of France. 
 
One of the most famous architects involved in firework shows was Giovanni Niccolo 
Servandoni, who came to France from Rome where he studied perspective and drawing. 
Influenced by the Italian taste for expressive theatrical plays and atmosphere as well as by the 
proximity of architectural vestiges from the Greco-Roman ages, he quickly showed his skills 
with his “machine” at the Paris Opera House, the Comédie Française and the Comédie 
Italienne (See hereunder), and – as soon as 1730 – he started to build huge scenery for the 
pyrotechnic shows, representing temples and mausoleums, lodges and pavilions, colonnades 
of all sorts... in the Italian style (Figure 19). His reputation grew to a high level all over 
Europe and his innovations were imitated by other architects leading to a tough competition to 
win the lucrative contracts from the royal families and nobility. 
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The architects dragged with them artificers who took benefit of their growing prestige, but 
remained to some extent in their shadow. This situation of dependence and subordination will 
soon provoke reactions under the leadership of the Ruggieri family. 
 
Faithful to her Italian origins and cultural tastes, the Queen Mary de Medici had hired 
professional Italian actors in the kingdom of France and they performed plays of “commedia 
dell'arte” that were very popular although they were played in Italian with more and more of 
French expressions and sentences as time went by. In 1680, they were given a theater at the 
Hôtel de Bourgogne in Paris and took the names of “Comédie Italienne” and more commonly 
“Théâtre Italien”. In the same year, King Louis XIV founded the “Comédie Française” for 
plays entirely spoken in French. Quickly a rivalry arose between the two troupes and, when 
the Comédie Italienne planned the performance of a play he considered a mockery of his 
mistress, Louis XIV used it as a pretext to drive the Italian comedians from France. They 
would only return in 1716 after the death of Louis XIV when the regent Philippe d'Orléans 
placed them under his protection. 
 
Competition started again between Comédie Italienne and Comédie Française, which lead the 
former to look for new developments and innovations in order to catch and keep the interest of 
the public to a more extent than its competitor. The five Ruggieri brothers — Gaetano, 
Petronio, Antonio, Francesco and Pietro — were then called to come because of their skills in 
using fireworks on stages. They arrived from Bologna and settled in Paris in 1741. 
 
So it is through fireworks at the theater that the Ruggieri brothers came out into the French 
pyrotechnic community. Competing with the French artificers who were jealous of their 
presupposed reserved local business, they had to differentiate by innovative techniques and 
effects. Quickly they obliged their competitors to follow them in that strategy, which led 
them to try to copy their inventions and some of them – such as Amédée François Frézier 
(1682-1773) and Jean-Charles Perrinet d'Orval (1707-1780) – to find and disclose their 
secrets. 
 
These two artificers were already famous at that time as military engineers in the service of 
the King of France and, consequently, in charge of firework shows. Their long experience led 
them to write practical handbooks in which they described not only the various compositions 
and designs of fireworks, but also the art of composing shows. Amédée François Frézier 
writes the first edition of his “Traité des feux d'artifices pour le spectacle”11 in 1706 at the age 
of 24 (a more up-to-date edition would be published in 1746): this publication caught the 
attention of his superiors and was the starting point of a brilliant career as artificer, architect, 
explorer, cartographer, botanist and ... polemist! 
 
In his book, Frézier devoted a full section of 103 pages to firework shows (Figure 17). Under 
the suggestive title “Où l'on donne une idée de la conduite des feux de joye” (where one gets 
an idea of the management of rejoicing fires), he presents various programs of firework shows 
adapted to typical events. 
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Figure 17 - Frézier — Traité des feux d'artifice (3ème partie) 

 
The list of such events informs us of the various opportunities which were seized to rejoice 
with fireworks: 
 

 “Des feux de la Saint-Jean” – Saint John's Day (June 24th), 
 “Idée d'un feu d'artifice pour la Paix » - Celebration of Peace, 
 “Idée d'un feu d'artifice pour la Fête d'un Bienheureux, l'Exaltation d'un Pape, ou la 

Promotion de quelques Personnes aux Dignités Ecclésiastiques ou Séculières” – Feast 
of a Blessed Person, Glorification of a Pope, Promotion of some Persons to 
Ecclesiastic or Secular Dignities, 

 “Idée d'un feu d'artifice pour le Couronnement des Empereurs & la Sacre des Rois” – 
Coronation of Emperors and Anointment of Kings, 

 “Des Entrées Triomphantes des Princes, des Généraux d'Armée, après quelques 
grands exploits de guerre, etc” – Triumphant Entrances of Princes, Army Generals, 
after some great exploits in war, etc., 

 “Des feux d'artifice pour les Mariages et les Naissances des Princes, et les noces des 
Particuliers” – Princes' Weddings and Births, Private Marriages, 

 “Des feux d'artifice pour les Festins” – Banquets. 
 
And, because it may occur that one is surprised by the functioning of fireworks and burnt, 
Frézier gives the recipe of an ointment to heal burns, a "secret prompt et infaillible pour se 
guérir" (a quick and infallible secret to cure oneself)! 
 
As writes Frézier in the foreword of his book, “quel plus beau spectacle peut-on souhaiter 
que celui des autres Artifices qui copient ce qu'il y a de plus beau dans la Nature, & nous font 
voir (pour ainsi dire) un nouveau monde avec son soleil, sa lune, ses étoiles, etc un petit 
univers de merveilles, comme des bêtes, des arbres, des gerbes de feu, etc.” [What more 
beautiful show can we wish than that of the other fireworks which mimic what is more 
beautiful in Nature, and make us see (so to speak) a new world with its sun, its moon, its stars, 
etc., a small universe of wonders such as beasts, trees, sprays of fire, etc.]. 
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Jean-Charles Perrinet d'Orval was very productive in the field of pyrotechny: he published his 
“Essai sur les feux d'artifice”12 in 1745, his “Traité des feux d'artifices pour le spectacle et 
pour la guerre”13 in 1750 and his “Manuel de l'Artificier”14 in 1755 (second edition in 1757). 
He also was elected “Capitoul” (member of the town council) of the city of Toulouse. 
 
In his “Traité des feux d'artifices pour le spectacle et pour la guerre” he reveals one the main 
innovations the Ruggieri brothers brought to fireworks, the transmission of fire between 
mobile firework arrangements and fixed ones without any human intervention. This ingenious 
technique had strongly amazed the artificers of that time and demonstrated the taste of the 
Ruggieri brothers for novel and innovative techniques. Perrinet d'Orval makes a complete and 
thorough description of the transmission system the Ruggieri brothers invented in a chapter of 
30 pages and 3 detailed sketches (Figure 18 and 19). 
 

 
Figure 18 – Perrinet d'Orval – Title of Chapter VII of his  

“Traité des feux d'artifices pour le spectacle et pour la guerre” 
 
As can be seen in Figure 18, Perrinet d'Orval writes his admiration for the firework show – 
the “spectacle pyrique” as the Ruggieri brothers called their performances – where the above 
mentioned innovation was first presented: 
 
“Ce spectacle, qui est le plus beau qu'on ait vu dans ce genre, a été exécuté par les Srs 
Ruggiery, Bolonois, devant le Roi, & sur le théâtre de la comédie italienne, où tout Paris l'a 
vu avec un applaudissement général, au mois de juillet 1743, & les années suivantes.” [This 
show, which is the most beautiful that was seen of its kind, was implemented by the Sirs 
Ruggiery, from Bologna, and on the stage of the Comédie Italienne, where all of Paris 
watched it with general applause, in the month of July 1743, and the following years.] 
 
Figure 19 shows the complexity of the set piece that was fired on that day (... and the 
following years): a succession or spinning wheels and fixed suns which could not be fired 
harmoniously without the transmission device invented by the Ruggieri brothers. The sketch 
on the left of Figure 19 comes from Perrinet d'Orval while the second sketch on the right 
comes from the “Elémens de Pyrotechnie”15 published by Claude-Fortuné Ruggieri, 
Petronio's son, in 1802. 
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“Traité des feux d'artifices pour le 

spectacle et 
pour la guerre” 

by Perrinet d'Orval (1750) 

“Elémens de Pyrotechnie” 
by Claude-Fortuné Ruggieri (1802) 

Figure 19 - Transmission of fire between spinning and fixed wheels 
 
The Century of Enlightenment 
The ‘Century of Enlightenment’ (“Siècle des Lumières”) – as the eighteenth century is often 
called – is well-known for the deep changes in the vision of Nature and the search for 
knowledge of its hidden laws some philosophers, following René Descartes (1596-1650), 
John Locke (1632-1704), Baruch Spinoza (1632-77) and Pierre Bayle (1647-1706), promoted 
mainly after the end of the reign of King Louis XIV who died in 1715. These changes 
developed against the opinion of the men of letters had previously claimed that liberal arts 
played a more important role than mechanical arts in the development of a better human 
society. Their promoters considered that liberal and mechanical arts should be reconciled, the 
latter giving practical reality to the ideas and concepts revealed by the former. While the new-
born sciences – physics and chemistry – made their first determining steps, they stated the 
principle that there are those persons who "invent" – philosophers and, among them, those 
who are engaged in scientific works – and those who “put into practice” – craftsmen and all 
skilled persons in mechanical arts. Pyrotechny was a good example to validate this approach. 
 
King Louis XV was more open to these new ideas. Denis Diderot (1713-1784) and Jean Le 
Rond d'Alembert (1717-1783) were then encouraged to edit and publish the 35 volumes of 
their “Encyclopédie”16 between 1751 and 1766, with the help of several writers specialized in 
the various topics (including pyrotechny and fireworks) that were to be developed in this 
publication. 
 
In some way, “L 'Encyclopédie” makes the synthesis of the ideas of the philosophers of the 
seventeenth and eighteenth centuries – the ‘Philosophers of Enlightenment’ (“Philosophes des 
Lumières”) – and reveals strikingly the great interest these philosophers placed in artificial 
fires where man drew his inspiration from Nature to reproduce and control one of its most 
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conspicuous and much-dreaded effects: Fire. On one hand, this fire could cause so much 
damage in warfare, rout enemies and bring victory, and on the other hand it could provide 
peaceful pleasure and entertainment by similar explosions, bright and glittering lights, sprays 
of sparks, noises, and smokes. This ambivalence of artificial fires, together dreadful and 
festive, fascinated the learned minds of that time and bore fame and admiration to these 
craftsmen – artificers – who could play so smartly with the powers of fire. 
 
“L 'Encyclopédie” promoted the art of fireworks to a level of consideration they had never 
reached before in the mind of learned persons. If they could still frighten the public by their 
frantic display of light, noise and smoke, it was their aesthetics and the skilled management of 
their effects and production techniques that raised the interest of a community of men of 
letters and sciences to such a point that pyrotechny could enter into the area of applied 
sciences and make new progress by using the results of the new-born chemistry. 
 
The best conclusion that can be drawn about the philosophers' interest in artificial fires is 
found at the beginning of the entry “Feu d'Artifice”16: 
 
“Le méchanisme d'un feu d'artifice dans les deux genres ; la partie physique qui guide sa 
composition, la géométrique qui la distribue, sont des objets déjà traités dans l'article 
ARTIFICE ; dans les savans écrits de M Frézier ; &, en 1750, dans un traité des feux 
d'artifice de M Perrinet d'Orval, où la clarté, mille choses nouvelles, le désir d'en trouver 
encore beaucoup d'autres, l'indication des moyens pour y parvenir, montrent cette sagacité si 
utile aux progrès des Arts, cette étude assidue des causes & des effets, cette opiniâtreté dans 
les expériences, qui caractérisent à-la-fois une théorie profonde & une pratique sûre.” 
 
[The mechanism of fireworks in two fields; the physical part which guides its composition, 
the geometry which distributes it, are objects already treated in the article Artifice; in the 
learned books of M. Frézier; &, in 1750, in a treatise about fireworks by M. Perrinet d'Orval, 
where the clarity, thousands of new objects, the desire of finding much still of others, the 
indication as to how it can be reached, show this sagacity so useful to the progress of Arts, 
this intensive study of causes and effects, this relentlessness in experiments, which both 
characterize a deep theory and a secure practice.] 
 
Perrinet d'Orval contributed to the writing of articles about fireworks in “L 'Encyclopédie” 
where he still mentioned the smart transmission of fire between spinning and fixed wheels 
invented by the Ruggieri brothers. The text mentions explicitly the “Sieurs Ruggieri”. 
 
The firework show of August 29th, 1739 
It is impossible to mention all the events that lead the King of France, the main cities and the 
nobility to order firework shows. We will only focus on one example, maybe one of the 
largest firework shows of the eighteenth century that was fired in Paris on the banks of the 
Seine River on August 29th, 1739 for the marriage of the princess Louise-Elizabeth de France 
with Dom Philip II, Infant of Spain. That show was offered to her father the King Louis XV 
“The Beloved” by Michel-Étienne Turgot, “prévôt des marchands” (Head of the Merchants = 
Mayor) of the City of Paris, and his “échevins” (councilors). Three French artificers – 
Etienne-Michel Dodemant and his son and Claude-François Testard – and an English gunner 
prepared this show which had been preceded by another one fired in Versailles on 
August 26th. Temporary constructions were designed and built by Servandoni, such as the 
Temple of Hymen in the middle of “Pont Neuf” (Figure 20), to be illuminated by fireworks 
and the firing points of girandoles. 
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Figure 20 - Servandoni – Draft for the “Temple de l’Hymen” 

 
A famous engraving made by Jacques François Blondel in 1740 was ordered to immortalize 
that event (Figure 21). An eyewitness described that firework show in a document which was 
published in Paris and also includes that engraving; then it is still possible today to know the 
succession of firings that composed that show17: 
 

 King Louis XV ignites the line rocket which sets fire to the first firework 
combinations while the guns of the City shoot their burning rounds and are answered 
by salvoes of the guns of the “Hôtel des Invalides”, 

 300 salute rockets are fired eight by eight all along the “Pont Neuf”, then 200 batteries 
of rockets four by four, 

 The initials of the Infant's name appear in bright white light during more than a quarter 
of an hour, 

 On the river, 8 sea monsters fight against each other, their mouths spit tongues of fire, 
their eyes glow, while their wings stretch out and their scales gleam dazzlingly, 

 Pyramids of golden fountains all along the “Pont Neuf”, 
 Red fires set ablaze the three arches of the bridge beneath the Temple of Hymen, 
 Various kinds of aquatic fireworks are thrown on the surface of the water from 8 boats 

anchored all around the “Salon de Musique” which had been built in the middle of the 
Seine River, 

 The initials of the just-married Infant and Princess appear in crystal letters illuminated 
by fire pots between the columns of the Temple of Hymen, 

 160 mortars launch thousands of stars from two floating platforms, 
 A big wheel spins at the level of the entablature of the Temple of Hymen, 
 32 combinations of waterfalls pour three layered rivers of fire on the two banks of the 

Seine River between the “Pont Neuf” and the “Pont Royal”, 
 And, at the end, the “grande girande” of 5000 rockets and the two “petites girandes” 

of 300 rockets each are fired at the same time respectively from behind and from the 
two Bides of the Temple of Hymen! 

 
It is reported that 500,000 persons attended that firework show and that malfunctioning 
fireworks and crowd ripples caused some casualties and injured several persons. 
 
The firework show of August 29th, 1749 has remained in the mind of the people of Paris for 
many years. Only one firework show of the eighteenth century surpassed it by its importance, 
the one that was fired on January 21st, 1782 on the occasion of the official visit of King 
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Louis XVI and Queen Marie-Antoinette at the City Hall of Paris after the birth of their son 
Louis (the “Dauphin”). 
 

 
Figure 21 - Firework show of August 29th, 1739 – Detail of Blondel's engraving 

 
The pleasure gardens 
Because of their skills and inventive spirit, the Ruggieri brothers took the leadership of the 
artificers of the eighteenth century and one of them – Pietro – was given the gainful office of 
“artificier de la ville de Paris” in 1750 and “artificier du Roy” in 1753. His brother Gaetano 
moved to England where he was asked to prepare a firework show to celebrate the end of the 
War of the Austrian Succession and the signing of the Treaty of Aix-la-Chapelle in 1748. 
This show was fired in London on April 27th, 1749 together with the performance of the 
“Music for the Royal Fireworks” specially composed by Georg Friedrich Händel for that 
event. 
 
Despite the King's and nobles' keen interest in firework shows, the artificers were nor always 
correctly paid and the shows were not so many in comparison with the number of artificers – 
82 claimed the title of “artificiers du Roi”4 — for them to make a decent living from only the 
art of fireworks. Those who had no other activities (e.g. as military engineers) had to find 
other ways to earn money from their art! So were Giovanni Batista Torré and the Ruggieri 
brothers. 
 
As the Ruggieri brothers, Giovanni Batista Torré had come from the region of Lake di Como 
in Italy and settled in Paris. Son of a Swiss-Italian maker of barometers, he opened a shop 
selling such instruments as well as other scientific equipment and books. He claimed to be a 
physicist and organized lectures on physics and optics4. His taste for scientific matters led him 
to be interested in fireworks techniques and practice. Having obtained the King's permission 
to exercise the profession of artificer in Paris, he opened a pleasure-garden in Boulevard Saint 
Martin on August 29th, 1764 where he proposed “pantomines” to a public who paid cash. 
Such “pantomines” were small plays based on historical or mythological themes, with 
“fireworks integrated with live action amid perspective scenery on a stage”4. Compared to the 
magnitude of the firework shows of that time, they were limited in space and time and, 
consequently, were often mocked by some “great minds”! Nevertheless, they required more 
skills and inventiveness which lead J. A. Dulaure, in his “Histoire physique, civile et morale 
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de Paris”, to write “Ses feux d'artifices étaient d'une perfection jusqu'alors inconnue”18 [His 
firework shows achieved a perfection that was unknown until then]. 
 
Torré's pleasure-garden was inspired by the Vauxhall Pleasure Gardens in London that were 
opened for public entertainment in the 1740s and attracted many visitors. Because of that, it 
took the name “Vauxhall” and, when other pleasure-gardens opened in Paris, it was called 
“Vauxhall d'Eté” (Summer Vauxhall). It could contain more than 1200 persons. 
 
One of the most famous “pantomines” Torré proposed in his Vauxhall from July 1766 was 
entitled “Les Forges de Vulcain” (Vulcan's Forges) and represented the works of Cyclops and 
Venus asking Vulcan for weapons to help his son Aeneas18. The main and most impressive 
feature of this “pantomime” was the artificial volcano that belched out huge tongues of fire. 
Such artificial volcanoes became Torré's brand, praised by many columnists as the summit of 
his art. 
 
Torré is said to have rediscovered the recipe of the Greek fire that has been forgotten since the 
twelfth century. 
 
Likewise, from 1753, Pietro and Petrone Ruggieri offered firework shows and illuminations 
in a garden of their own, located at 20 Rue Neuve Saint Lazare, in the district called “des 
Porcherons”. As they had done before in Versailles for the King of France, such fireworks 
shows were “impromptus” (same word in English) they called “poèmes pyriques” 
(pyrotechnic poems) and were played in the same manner as Torré's “pantomines”. About 
such impromptus, Louis Petit de Bachaumont wrote in his “Mémoires secrets”17,19: 
“Le Sieur Ruggieri, artificier, qui a établi son spectacle aux Porcherons, est le digne rival du 
Sieur Torré et l'emporte de beaucoup. Il a donné dernièrement l' « Inauguration de la statue 
équestre du Roi ». Le Public a été étonné par l'intelligence de cet artiste, de la hardiesse de 
ses coups de feu et de la composition qu'on peut appeler poème pyrique. Il a orné en outre ses 
jardins d'une infinité de lampes de toutes couleurs, ce qui formait une promenade également 
belle et brillante.” 
 
[Mr Ruggieri, artificer, who set up his show in the ‘Porcherons’, is the deserving rival of 
Mr Torré and prevails far more over him. He gave recently the ‘Unveiling of the King's 
equestrian statue’. The audience has been amazed by this artist's intelligence, the boldness of 
his fire shots and the composition of his show which may be called ‘poème pyrique’. 
Moreover he decorated his gardens with an infinite number of lamps of all colors, which 
formed a nice and bright walkway] 
 
Pietro and Petrone Ruggieri also participated in the “Vauxhall d'hiver” (Winter Vauxhall) 
which opened on April 3rd, 1770. Designed by the architect Lenoir, this “Vauxhall” offered 
various attractions: indeed stage firework shows, but also ballets, concerts, lotteries, and 
conjurers’ tricks. These activities increased very much Torré's and Ruggieri's reputation. 
Having been given the title of “artificiers du Roi”, they would reach the summit of their art 
when they would be invited to create the fireworks shows for the marriage of King Louis XVI 
with the Austrian princess Marie-Antoinette respectively in Versailles and in Paris. Indeed 
Torré included in his show an artificial representation of Mont Etna, the famous volcano of 
Sicily, where the old Romans located the Vulcan's Forges. 
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And J. A. Dulaure to conclude, in his “Histoire physique, civile et morale de Paris”, that “ces 
deux étrangers rivaux avaient, par leurs talents, des droits à l'estime publique”18 [These two 
foreign rivals had, for their skills, the rights to public esteem] 
 
Although they were frequented by many customers, the “Vauxhalls” swallowed up money, 
victims of their success! The “Vauxhall d'été” closed at Torré's death in May 1790 and the 
“Vauxhall d'hiver” closed and was demolished in 1785. As a possible consequence, the 
“Ruggieri Gardens” were reorganized at great expense in the same year and remained 
frequented until the French Revolution caused its damages among the nobles and burgers who 
were the wealthy customers of interest for such expensive pleasures. 
 
Celebration of the end of the American War of Independence18 
On December 14th, 1783, Petrone Ruggieri executed a firework show ordered by the City of 
Paris to celebrate the treaty of peace that had just been signed between the Kings of France 
and England to put an end to the American War of Independence19. After a “Te Deum” 
which was sung at Notre-Dame Cathedral, the show was fired in 'Place de Grève' (now Place 
de l'Hôtel de Ville) from a huge structure in the shape of a 16-meter high column surrounded 
by a scenery of rocks and preceded by a pond where Tritons and Nymphs played among 
waterfalls and reeds (Figure 22). Salvoes of fireworks seemed to burst from the base of the 
column, forming successive “bouquets” that set the sky ablaze during long minutes. Petrone 
reported that, after the show, the audience was invited to dances and buffets in many squares 
of the City of Paris. 
 

 
Figure 22 - Firework show of December 14th, 1783 

Celebration of the Independence of the United States 
 
Pietro Ruggieri and the new chemistry 
As already pointed out, all over the world, the fireworks of the eighteenth century were poorly 
colored. Attempts had been made to make the colors deeper and more intense, without much 
success. The invention of the Green Fire by the Russian Artificer, Mikhaïl Vassilievitch 
Danilov, in 1770, reactivated the search for colors. Using the “Venitian tar” – a kind of 
verdigris – by analogy with the making of colors by mixing pigments in artistic paintings, it 
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was the first time that the green color was obtained in a satisfying manner and the Green Fire 
became the model of future colored fireworks still to be invented4. 
 
Always competing with his French colleagues, trying to replicate Danilov's Green Fire, Pietro 
and Petrone Ruggieri decided to differentiate their firework shows not only by innovative 
machinery, but also by intuitively understanding that chemistry could help them to improve 
colors and brightness. Pietro succeeded in arousing interest of a young scientist, Antoine 
Laurent de Lavoisier (Figure 23), who was becoming to be renowned by his discoveries in the 
field of chemistry. 
 

 
Figure 23 - Antoine Laurent de Lavoisier 

 
Lavoisier is understandably considered as the Father or Founder of Modern Chemistry. 
Working to determine the essential nature of the combustion phenomenon, he demonstrated 
experimentally that it was a process where a substance combined with oxygen. He definitively 
eliminated the previous combustion theory that assumed that a substance called “phlogiston” 
was generated by materials when they burnt and was the essence of flames. He also disproved 
the old theory of the four elements: water, air, fire and earth, which supported the works of 
alchemists. Lavoisier was among the first that carried out chemical experiments in their 
modern understanding, meaning they intended to give quantitative results. Using precision 
scales, he demonstrated the famous Lavoisier's law which states that, in any chemical 
reaction, “rien ne se perd, rien ne se crée, tout se transforme” (nothing is lost, nothing is 
created, everything is transformed), a short sentence to tell that the total mass of reacting 
materials remains the same from the beginning to the end of the reaction and, when there is a 
mass loss or a mass increase, it must be searched for emission of volatile species or 
combination with oxygen from the air. Lavoisier postulated the existence of chemical 
elements that cannot be decomposed by any chemical reaction and have the property to 
combine to form chemical compounds. Lavoisier was soon admitted in the French “Académie 
des Sciences” and became the director of the “Service Royal des Poudres et Salpêtres” (Royal 
Service of Powders and Saltpeters) which reinforced its implication in pyrotechny, indeed 
military at first, but also its motivation to support the Ruggieri brothers in their search for 
innovation. Fireworks may have given Lavoisier some sources of information in his search for 
understanding combustion and its chemical process. 
 
No written trace remains of the chemical studies Lavoisier carried out to make pyrotechnic 
compositions safer and less smoke-evolving, while producing better colors. However, helping 
the Ruggieri brothers to replicate Danilov's Green Fire, he was unsuccessful. Nevertheless it 
is likely that the Ruggieri brothers took benefit of Lavoisier's advice and that improvements 
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were obtained. The French Revolution and Lavoisier's pityful beheading following a hasty 
and obscurantist judgment of the “Tribunal Révolutionnaire” in 1794 caused a break in this 
first attempt to combine chemistry and practice in the development of improved or even novel 
compositions for fireworks. When Napoleon Bonaparte succeeded in pacifying the situation 
and seized power, the firework activities were fully depressed and most of the artificers had 
abandoned their art. It was the time when a new generation of Ruggieri reactivated the interest 
of the new authorities and the public for firework shows. 
 
 

THE NINETEENTH CENTURY 
 

The “Elémens de Pyrotechnie”20 
After the death of their uncle Pietro and their father Petrone on February 1794, Claude-
Fortuné Ruggieri and his brother Michel-Marie inherit the Ruggieri Gardens and did their best 
to carry on with firework shows in the troubled times of the French Revolution. Of the two 
brothers, Claude-Fortuné has marked the history of pyrotechny by the publication of the first 
edition of his book – “Elemens de Pyrotechnie” – in 1802, followed by two editions in 1811 
and 1821. Each edition is the occasion of complements and, while keeping the same texts for 
most of articles, some additions show the author's growing scientific intentions. 
 
Claude Fortuné Ruggieri had been employed as artificer by the “Direction de l'Artillerie” 
(Artillery Directorate) in Paris since 1796. In addition to the fact that he may have met 
Lavoisier several times before he died (and maybe this employment was found by Lavoisier 
himself), this job gave him the opportunity of becoming familiar with artillery techniques, 
theories and calculations, as well as of meeting the chemist Jean-Antoine Chaptal. 
 
In 1793, Chaptal was named as the head of the national gunpowder factory of Grenelle in 
Paris and, in June 1794, director of the “l'Agence Révolutionnaire des Poudres” 
(Revolutionary Agency of Powders). There he invented the first ever-known method of 
artificially manufacturing saltpeter and published his “Traité du salpêtre et des goudrons” 
(Treatise of Saltpeter and Tars) in 1796 where his invention is reported. He also published in 
1790 a chemical treatise he entitled “Elémens de Chymie”. When Claude-Fortuné Ruggieri 
decided to write his own views about pyrotechny in 1802, not only did he dedicate it to 
Chaptal who was recently nominated ‘Ministre de l'Intérieur’ by Napoleon Bonaparte, but he 
may have chosen to entitle it “Elemens de Pyrotechnie” as a complementary tribute to 
Chaptal. 
 
“Elemens de Pyrotechnie” is not the first book which gives information on the techniques, 
processes and practices that are used to make and shoot fireworks, but the comparison with 
other handbooks of the eighteenth century written by Frézier, Perrinet d' Orval and others, 
show a significant move towards more scientific descriptions. Claude Fortuné Ruggieri does 
not hesitate to refer to scientists of his time and to their scientific results and theories. 
 
One of the best examples is the explanation of the oxidizing role that is played by saltpeter in 
pyrotechnic compositions when he writes in the second edition of the “Elemens de 
Pyrotechnie”20: 
 
“La déflagration du salpêtre est donc l'effet de l'action du feu ou du charbon dans l'état 
d'ignition avec lequel il est en contact; le salpêtre n'étant que la combinaison du gaz oxigène, 
condensé en grande partie et réduit au plus petit volume qu'il puisse occuper. Ce n'est pas 
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seulement la chaleur nommée calorique qui suffit pour dissiper le salpêtre et l'évaporer à 
l'état de gaz, mais le feu lui-même en action et en permanence, c'est-à-dire, dans l'état de 
causticité. Ce sont toutes les parties du charbon divisé à l'infini, qui prennent feu aussi 
promptement qu'elles se consument. C'est dans cet instant, que l'on regarde comme 
indivisible, que le feu actif enflamme l'oxigène du nitre, l'évapore et le ramène à l'état de 
gaz.” 
 
[The deflagration of saltpeter is then the effect of the action of fire, or of ignited charcoal that it 
is in contact with; saltpeter being only the combination of oxygen gas, condensed and reduced 
to the smallest volume it can fill. It is not only heat named “calorique” (caloric) which is 
sufficient to dissipate saltpeter and evaporate it into the gas state; but the fire itself in action 
and permanence, i.e. in the state of causticity. Those are all the parts of charcoal infinitely 
divided that ignite as quickly as they burn out. It is in that instant that one considers it as 
indivisible that the active fire ignites the oxygen of nitre, evaporates it and brings it back to the 
gas state.] 
 
This description is indeed in accordance with the scientific terminology and theories 
developed by Lavoisier. Compared with the same passage in the first edition where Claude-
Fortuné Ruggieri was still referring to the old theory of “phlogiston” Lavoisier definitively 
proved wrong in 1777, the main fact is the deletion of the term “phlogistique”10. In his new 
combustion theory, Lavoisier brought in the notion of “calorique” as the energy of heat, using 
a term that had been created by the Scottish chemist Joseph Black in 1761 in his attempt to 
defeat the phlogiston theory. In 1802, Claude Fortuné Ruggieri had not yet understood the 
incompatibility of the two notions of “calorique” and “phlogistique”, but for sure he had been 
made aware of that in between the two editions of his “Elémens de Pyrotechnie” by his 
scientific acquaintances. 
 
Chlorates 
As soon as Berthollet discovered the chlorates, he found that a mix of potassium chlorate and 
charcoal reacted with a detonation and reported that fact in “Observations sur la Physique de 
l'Abbé Rozier” (1788). Lavoisier and Berthollet thought that saltpeter could be replaced by 
potassium chlorate in the composition of black powder and they decided to test that 
replacement in the same year 1788. It led to an untimely explosion which killed their two 
assistants and the use of potassium chlorate in pyrotechnic powders was then considered too 
hazardous. This event may have postponed for more than 30 years its use in military 
applications and fireworks. 
 
In the 1823 edition of the ‘American Journal of Science’, the American chemist James 
Cutbush published his “Remarks on the Composition and Properties of the Chinese Fire and 
on the so-called Brilliant Fires” (two specialties of the Ruggieri family) and wrote"21: 
 
“Beside the admixture of several saline substances, which communicate particular colors to 
flame, we know that the most brilliant red is given by nitrate of strontian, a preparation of 
which is used for theatrical purposes in France, is made as follows: take forty parts of dry 
nitrate of strontian, thirteen parts of finely powdered sulphur, five parts of chlorate or 
hyperoximurate of potash, and four parts of antimony, and mix them intimately in a mortar, 
observing at the same time to pulverize the chlorate of potash separately.” 
 
So Cutbush gives an indirect proof that Claude Fortuné Ruggieri experienced potassium 
chlorate and also strontium nitrate in colored compositions, in connection with Berthollet's 
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works and perhaps with some help from his side in the years 1810-1820. Such invention may 
have been too new to be disclosed by Claude Fortuné Ruggieri himself when he published the 
third and last edition of “Elemens de Pyrotechnie” in 1821. 
 
A more direct proof that was found by Simon Werrett lies in an article written by M. Beyer 
who helped Claude Fortuné Ruggieri in preparing the firework show that was fired for the 
wedding of Napoléon the First and Marie-Louise in June 1810. In that article he reports that 
they imitated “le bruit de l'artillerie en utilisant un sel détonant découvert par Berthollet”4 
(the noise of artillery by using a detonating salt discovered by Berthollet). 
 
A world premiere 
Aerostats were invented at the end of the eighteenth century: heated-air balloons by Joseph 
and Etienne Mongolfier in 1783 (the “mongolfières”) and hydrogen balloons by Jacques 
Charles in the same year 1783. André Charles Garnerin, who invented the parachute in 1787 
and was named “aérostier des fêtes publiques”, meaning “balloonist of public celebrations” 
officially in charge of the use and operation of balloons in such occasions, asked Claude 
Fortuné Ruggieri to compose and fire combinations of fireworks from a balloon for the 
celebration of the Bastille Storming on July 14th, 1800 (Figure 23). Here is the description of 
that event Claude Fortuné Ruggieri gave in “Elemens de Pyrotechnie”: 
 
“Après un cercle de quatre mètres deux décimètres (douze pieds huit pouces), de diamètre, 
était suspendue au-dessous du ballon, une étoile de même grandeur : sous cette étoile, était 
encore suspendue une bombe sphérique de trois décimètres huit centimètres (quatorze 
pouces) de diamètre extérieur. Voyez la figure Ière de la pl. 22. 
 
L'étoile prit feu d'abord elle était en lances de deux couleurs. Lorsqu'elle eût terminé son 
effet, elle communiqua son feu au cercle, autour duquel étaient attachées près de cent 
chandelles romaines à double effet ; dans le premier elles représentaient des rayons de feu 
lumineux ; dans le second, les étoiles qui s'échappaient de ces rayons et remplissaient dans 
l'air, l'étendue d'un cercle de plus de quarante mètres (vingt toises trois pieds), de diamètre. 
 
Lorsque les chandelles romaines eurent terminé leur effet, elles donnèrent le feu à la bombe, 
qui en éclatant le communiqua elle-même au ballon. 
 
L'explosion de la bombe et la détonnation du ballon produisirent dans l'air, des feux variés, 
que le public voulut bien honorer de nombreux applaudissements, et dont on se souvient 
assez.”20 

 
[Under a circular frame of four meters two decimeters (twelve “pieds” eight “pouces”) in 
diameter, was suspended under the balloon, a star of the same size: under that star, was also 
suspended a spherical shell of three decimeters eight centimeters (fourteen “pouces”, 380 
mm) of outside diameter. See fig. I on plate 22. (Figure 24, left) 
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The firework-equipped balloon 

of July 14th 1800 
Engraving of a balloon specially designed 

for a firework show by Claude-Fortuné 
Ruggieri 

Figure 24 - Ruggieri's firework-equipped balloons 
 
The star was fired first: it was composed of two-colored lances. When its effect was over, it 
transmitted its fire to the circular framework all around which were secured about a hundred, 
two-effect roman candies: the first effect simulated bright rays: in the second, the stars that 
burst out of those rays filled in the air a circle of more than forty meters (twenty “toises” three 
“pieds”), in diameter. 
 
When the roman candies finished their effect, they set fire to the shell, which by its burst 
transmitted its effect to the balloon. The burst of the shell and the detonation of the balloon 
made in the air a variety of fires that the public was quite happy to honor by sustained 
applause and to remember quite well. 
 
The development of colors 
Inviting the artificers to use physics and chemistry to make their art more open to their 
imagination and no more restrict themselves to show known effects, Claude-Fortuné Ruggieri 
shows the way which much be followed: 
 
“Amalgamer les matières, augmenter ou diminuer les doses, varier les formes, ne sera plus 
seulement le but de l'artiste ; mais innover, chercher d'autres matières, former des 
compositions calculées, est la perspective qui lui est offerte.”20 [Mix the substances, 
increasing or decreasing doses, varying the shapes, will not only be the purpose of the artist; 
but, innovating, searching for new materials, formulating calculated compositions, is the 
perspective he is offered.] 
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As can be noticed in the quotation of James Cutbush's article in the 1823 edition of the 
American Journal of Science about chlorates (See above), Claude-Fortuné Ruggieri already 
knew that red colors could be obtained by addition of strontium salts in pyrotechnic 
compositions. Chemistry made a lot of progress in the knowledge of chemical elements and 
mineral salts, not only in France, but also in all Europe and America. It quickly gave the basis 
for innovation to Claude-Fortuné Ruggieri and other artificers and a large variety of recipes 
was then developed. The proof of such inventiveness can be found in “Chimie pyrotechnique 
ou Traité pratique des Feux Colorés”22 M. Tessier published in 1859 – less than 50 years after 
the second edition of the “Elemens de Pyrotechnie” – where 143 new compositions are 
presented, among which 54 compositions for colored lances, 29 for colored shells and 28 for 
Bengal flames! 
 
Some memorable firework shows of the 1800s 
When Napoleon Bonaparte put an end to the political instability of the French revolution, 
there were very few artificers that had survived. Claude-Fortuné and Michel-Marie Ruggieri 
were among them and they quickly took the leadership of that profession, being ordered the 
major firework shows of the First Empire Napoleon Bonaparte founded on May 18th, 1804 
when he was granted the title “Empereur des Français” by the French Senate. This leadership 
gave to Claude-Fortuné and Michel-Marie Ruggieri a quasi-monopoly of the celebrations of 
all main events by fireworks until 1827. 
 
For instance, the two brothers shot the firework shows of the coronation of Napoleon the First 
on December 16th, 1805 and of his marriage with Marie-Louise of Austria on April 2nd, 1810 
and again on June 10th, 1810 (Figure 25). 
 

 
Coronation Marriage 

Figure 25 - Coronation and marriage of Napoleon the First 
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Désiré-François Ruggieri succeeded his father, Claude-Fortuné, in 1841. Continuing the 
work on colors of his father who developed reds and greens, he founded his reputation on 
purple colors based on mixes including potassium chlorate and strontium nitrate. He 
executed a great number of large firework shows between 1841 and 1875, and took benefit 
of the protection of the Emperor Napoleon III to renew the leadership of his family in that 
field. In his “Gazette des Beaux-Arts”, Henri de Chennevières writes in 1887: “Par la 
science et l'originalité de ses dispositions d'artifices, il fut réellement le premier 
pyrotechnicien d'Europe, et laissa à ses deux fils Getan et Paul tout l'héritage de traditions 
des siens accru de la somme d'expérience et de progrès de sa propre vie.”17 [By the skill 
and the novelty of his firework settings, he really was the first pyrotechnician in Europe, 
and left his sons Gaëtan and Paul the whole heritage of traditions of his family increased by 
the sum of experience and progress of his own life] 
 
One of his most striking shows is the one that he organized in Versailles when Queen Victoria 
visited Napoleon III in 1855 (Figure 26) 
 

 
Figure 26 - Queen Victoria's visit in Versailles (1855) 

 
Progressively, following the example of the Ruggieri family, new artificers created their 
own workshops all over France, such as Henri Aubin, who was taught the art of fireworks 
by Michel-Marie Ruggieri, in La Petite Villette at the beginning of the 1840s and Etienne 
Lacroix in Toulouse, Chemin du Sang du Serp, in 1848. In one of his first commercial 
documents, Etienne Lacroix mentions his trip to Paris in 1860 “dans le seul but de conférer 
avec le célèbre artificier tant renommé pour ses feux colorés”19 [for the sole purpose to hold 
talks with the famous artificer renowned for his colored fires]: no doubt he met Désiré-
François Ruggeri and learnt some useful recipes from him on that occasion. 
 
From May 6th to October 31st, 1889, the tenth “Exposition Universelle” took place in Paris, 
together with the centennial of the French Revolution. The Eiffel Tower had been built on the 
‘Champ de Mars’ to serve as the entrance arch to the exhibition. Several firework shows were 
part of the celebration of that event and some used the Eiffel Tower as the scenery of the 
shows as the temporary constructions which were an unavoidable feature of the firework 
shows from the seventeenth century. The Eiffel Tower was also intended as temporary, but it 
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left so many traces in memories that it was decided to keep it... and it is now known 
worldwide as one of the main symbols of Paris. 
 
The first show fired from the Eiffel Tower had already been shot two years earlier, on July 
14th, 1887, by the Ruggieri Company, although it was still under construction (Figure 27). It 
has been the starting point of a long series of firework shows that is not likely to be stopped! 
 

1887 1937 2000 
Figure 27 - Firework shows from the Tour Eiffel - Paris 

 
At the "Exposition Universelle" of 1889 and again in 1900, Etienne Lacroix was awarded the 
gold medal for the quality of the fireworks he presented, showing the mastery of pyrotechnics 
that his young company had acquired in 40 years of existence19. 
 
Bastille Day 
On July 6th, 1880 the “Assemblée Nationale” (French Parliament) voted a law which 
established the 14th of July as the “Fête Nationale” (French National Day) to be celebrated 
each year. It is commonly said that it commemorates the Storming of the Bastille which 
occurred on July 14th, 1789 when the people of Paris walked to the Bastille, an old and 
sinister prison, and took it by force. It is partly true, given that, after a debate between 
supporters and opponents to the commemoration of such a violent event, they eventually 
reached an agreement after having found that the 14th of July was also the date of the “Fête 
de la Fédération” which celebrated the unity of the French people in 1790 in the presence 
of the King Louis XVI and the General Gilles de Lafayette, the French hero of the 
American Independence. 
 
The Ministry of the Interior recommended that the day should be “celebrated with all the 
brilliance that the local resources allow” and it led a large number of towns to do it with 
firework shows. Consequently, the firework business increased very quickly, which led more 
and more artificers to create their own company. Today, the yearly celebration of the French 
National Day (or “Bastille Day”) by firework shows remains very popular and cities like 
Paris, Marseilles, Lyons, Bordeaux, Toulouse, Carcassonne ... have kept the tradition of 
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impressive shows which require from artificers the best of their skills and inventiveness. 
Temporary constructions are no longer built, being too expensive, and preference is now 
given to fireworks and, where possible, accompaniment by (live or broadcast) music, lasers, 
and images. 
 
The first celebration of National Day in Paris occurred on the 14th of July 1880 and the 
firework show was executed on 'Place de la Nation' (where the Bastille was located before its 
complete destruction in 1806) by the Ruggieri family in the perfect tradition of their past 
shows (Figure 28). 
 

 
Figure 28 - First celebration of the National day in Paris (1880) 

 
 

THE INDUSTRIAL ERA 
 
With the growing needs for firework shows, the manufacturing of fireworks could not be 
made in the old workshops of the past centuries (Figure 29). It was necessary to find more 
appropriate processes, tools and machines, together with an increase in the number of 
workers. 
 

 
Figure 29 - Artificers at work in the eighteenth century (from "L'Encyclopédie") 
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The transition between craftsman's practices to industrial techniques and processes was the 
main objective in the second part of the nineteenth century and the manufacturing of 
fireworks took benefit of this sign of the times. At the beginning of the twentieth century, 
most of the firework manufacturers had organized their production in a quite rational manner, 
although much still needed to be learnt about safety in their workshops. Modern chemistry is 
present at every steps of the development of new pyrotechnic compositions and the 
understanding of their self-sustained exothermic combustion grows with the experience 
acquired in testing first in laboratories and then at full scale on the test range. The production 
processes and the training of workers improve, resulting in products that are more stable in 
performance and less and less subject to non-conformities and failures. 
 
Figure 30 shows some aspects of workshops at the beginning of the 1990s. Compared with 
Figure 29, a move to modem techniques is noticeable which will never stop until now. 
 

 
Workshop at Aubin's factory  

at the beginning of 20th century 

Commercial engraving showing some aspects of the  
Ruggieri's workshops before the 1st World War:  

From top left to bottom right: drawing intended for a  
pyrotechnic décor, workshop where decors are made,  

"battery" of workplaces where composition is  
hammered into fountain tubes, choking cardboard tubes  
for bangers, filling pyrotechnic units in combinations of  

shot tubes, grinding of chemicals.  
Figure 30 - Workshops at the beginning of the 20th century17  

 
 

CONCLUSIONS 
 
The present history of fireworks in France ends at the beginning of the twentieth century. A 
lot of things could have been said about what occurred from the early 1990s till now, but it 
would have been too difficult to do it in a few pages. Let us keep it for the 16th ISF as a full 
matter in itself? 
 
From their origins in the fifteenth century to now, firework shows have always been very 
popular in France for their impressive effects that, in the minds of spectators, combined the 
fear of fires with the admiration for those artificers who could tame them for pleasure and 
enjoyment. Through the centuries, they have become a real national passion, not only in the 
minds of the sovereigns, nobles and philosophers, but also for the people who crowded at 
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every firework show, shouting, cheering and applauding, encouraging the artificers who were 
sweating and running between the batteries of mortars and the rows of rockets, portfires in 
their hands to ignite the fuses of the fireworks! 
 
The firework shows of the National Day are more than ever firmly rooted in the French 
cultural traditions and remain attractive for young and old. Millions of spectators, including 
lots of foreigners who take their holidays in France, watch the firework shows on every 13th 
and 14th of July and take the same pleasure as the preceding generations. 
 
Several companies make their best efforts to continue this tradition, leading it to a high level 
of aesthetic quality, innovation and safety, and exported all over the world, the “French 
firework touch”. Let us mention the artificers, members of SFEPA, who work every day in 
that direction: ARDI, BREZAC ARTIFICES, GROUPE F / SUD ARTIFICES, PLANETE 
ARTIFICES, PREVOT FEU D'ARTIFICES, PYRAGRIC INDUSTRIE, RUGGIERI (now a 
brand of the LACROIX Group), UKOBA INDUSTRIES. 
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ABSTRACT 
 
This paper describes a system or method for establishing trajectories and manufacturing 
support apparatus for pyrotechnic or inert devices to produce and project predefined and 
precise patterns in the air. Patterns are drawn by a computer program that translates the dot 
positions into launching angles. The list of pan and tilt angles allows for the manufacturing of 
the support apparatus. The shooting angles for the pattern can be obtained alternatively by 
using laser pointers or light emitting device that oriented manually draw the pattern with an 
outline of dots on a surface.  
 
Any pyrotechnic or inert devices, such as comets, meteors or small bombs can be used 
provided they have consistent altitude and duration. The launching platforms are made using 
different systems, CNC drilled or 3D printed blocks, motorized pan and tilt heads, ball and 
socket mounting kits. The shooting is made from a small single focal area. The launchers 
combined can be set to different orientations to produce three-dimensional shapes. 
 
This new technology will produce in the near future display forms that will have a greater 
graphic and artistic composition potential, truly performing painting in the sky. 
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INTRODUCTION 
 
The present research relates to a launching system of an array of pyrotechnic projectiles that 
combine in a single event or sequenced event that can produce shapes, letters or any pattern 
in the sky from unique points of origin.  
 
Different type of fireworks can be used to produce the patterns, provided that they are 
consistent in altitude and duration. Comets or meteors will produce single dotted patterns. 
Small shells or Mines made of many fine particles or stars with reduced spacing will produce 
a more or less continuous pattern outline. 
 
Fireworks traditionally have been producing patterns from bombs with similar distribution of 
the pattern with the stars in their cores. These patterns cannot be obtained consistently in 
fixed three-dimensional orientations. The origin of the patterns is up in the sky resulting from 
the bursting of the charges. 
 
Other methods are to make an alignment of mortars or tubes as large as the pattern that 
appears in the sky and launch stars or shells. The pattern is created in a plan of the same 
width and parallel to the ground. 
 
In order to create a pattern that displays in a vertical plan in the sky it is necessary to control 
the altitude of each individual shell that requires higher technology with electronic timers in 
the shells with a millisecond resolution. 
 
Another method is to simply set the mortars vertically in the ground following the pattern at 
same size, as it has to be created in the air. The pattern will appear in the air at the altitude 
that the pyrotechnic comets or shells reach. This kind of pattern production is better 
perceived from an aerial perspective such as a helicopter but from the ground it will be only 
seen from directly underneath and if it is not too large. 
 
This research overcomes the failure of individual shells to produce consistently oriented 
patterns that can be read in the correct orientation from a specific viewing perspective. The 
origin of the patterns is from a single focal projection point. 
 
Patterns created from a single focal point are simple when launching conic or simple linear 
shapes. When more complex artwork has to be achieved calculations must be done through 
specialized software tools.  
 
The origin of the research dates back to 1995 during the Commonwealth Games in Victoria, 
BC, Canada, when we first attempted to shoot up in the air the pattern of a Thunderbird. In 
2003 an algorithm was developed as part of the Visual Show Director™ software FX 
Generator™ to draw or plot patterns and translate them into shooting angles from one point 
of origin on the ground accordingly to the required size and altitude of the pattern in the air. 
Recently this software method has been used to produce various proposals of pattern displays 
for various companies with different results. 
 
It is essential for the success of these methods that the pyrotechnic devices are as precise and 
consistent in time and altitude as possible. The orientation of the shots towards the audience 
or to other viewing points is also an important factor for readability of the patterns. 
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The launching apparatus can be set to any orientation at different angles, and therefore by 
combining different locations produce three-dimensional patterns. 
 
The creation of patterns from a single focal point will produce a pattern in the air in a more or 
less accentuated spherical cap, assuming that all distances are the same or similar. The semi 
spherical curvature of the pattern will be more accentuated when the ratio of the distance of 
the projectile and the size of the pattern have closer values.  
 
The research will be better understood with the aid of the description that follows, which is 
given merely by way of example and made with reference to the drawings that appear in 
Figures 1 to 17.  
 
 

METHOD 
 
1. Computer program (Visual Show Director – FxGenerator) is used to draw patterns, 
letters, numbers or scan pictures to produce dot patterns that are sized for the required width 
and height and translated into a list of shooting angles (pan and tilt) from the ground, for each 
projectile in order to produce the pattern drawn in the program. The program simulates the 
effects. 
 
2. Laser or light emitting device support apparatus with flexible holders connected to laser 
pointers or light emitting devices that can be arranged to target and to verify a computer 
program pattern or to create manually a pattern from the projection surface. The result is 
similar to the one obtained with the Computer program. 
 
3. 3D Modeling program. A 3d modeling program such a SolidWorks, AutoCAD, Sketch up 
or others allows one to create simple patterns. It is not possible to quickly change display 
sizes and make more complex patterns. This method was used with Sketchup and Solidworks 
to build a 5x7 shots template multi-pattern box. 
 
4. Pyrotechnic support apparatus for the pyrotechnic tubes that can be made using the 
following systems: 
a. Multiple  axis CNC drilled holes with the pan and tilt angles provided by the program. 
b. Predefined tilt angle tubes with movable pan angles. 
c. Flexible supports ball sockets with pan and tilt angles set with the laser pointers. 
d. 3D printed block 
e. Two plan plywood layers with laser cut holes 
 
 
Computer Program Method: 
In the first Pattern Editor (Figure 1) the patterns are drawn with different tools. Drawing 
tools: pencil, line, circle, ellipse, and polygon. Render tools from picture or drawing. The 
caliber of the shell, the stars size and number are selectable in this panel. The effect will be 
animated as a projection of stars. 
 
It was not possible to establish primary base values for the travel distance and size of the 
pattern. The Viewer was a separate unit and did not allow changes in the orientation of the 
trajectory around a spherical geometry. 
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It proved necessary to implement the possibility to have these calculations and test them. In 
this later creation and testing method all related panels were integrated in one single view. A 
tree structure allowed the design of patterns with multiple layers if necessary (Figure 2). 
 

 
Figure 1- Pattern Editor in early version of VisualShowDirector FX-Generator (2002) 

 

 
Figure 2 - Pattern Editor in later version of VisualShowDirector 8 - FX-Generator 4D (2008) 
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The distance from the focal point and the width and height of the pattern can be controlled. 
This allows any distortion of the pattern with the same basic original distribution of the stars.  
The plan where the pattern is drawn can be rotated around a spherical geometry thus allowing 
visualizing the pattern at any shooting direction (Figure 3). 
 

 
Figure 3 - Distribution of stars in a spherical cap variation by pattern size for 100-m 

trajectory 
 
Once the pattern is completed, furthermore the properties can be set in the Export Pattern 
calculator panel (Figure 4). From the same base pattern it is possible to produce shooting 
trajectories for different pyrotechnic projectiles. The shooting angles will adapt to the travel 
distance of the projectile and to the size of the pattern wanted. 
 

 
Figure 4 - Pattern exporter to Script 

 
The pan and tilt angles are then calculated based in these parameters. Accordingly to these 
settings a shooting script will be produced with the time, duration pre-fire time, position, 
duration, and pan and tilt angles of the support apparatus to project the pattern according to 
the drawing. 
 
The larger the pattern size is and closer to the travel distance, the more spherical and less flat 
the pattern will appear (Figure 5) 
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Figure 5 - Distribution of stars in a spherical cap variation by pattern size for 50-m trajectory 
 
A script is produced by the Export Pattern Panel according to the settings (Figure 6). The 
script is used to simulate in Visual Show Director the pattern with different effects and 
different prop orientations in the field. 
 

 
Figure 6 - Script produced with Pan and Tilt Angles for each shot 

 
The possibility of making each component of the pattern, dots, shells or clusters of stars a 
single entity allows to create time dynamics in the way the pattern appears in time and 
directions.  
 
The pan and tilt angles are exported to the CNC program to mill the holes in the support 
apparatus for the pyrotechnic devices as shown in Figures 7 to 9 (Laser or Light Emitting 
Device Method) , or a 3D printer (Figures 10 and 11).  
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Figure 7 - Laser or light emitting device support apparatus with flexible holders connected to 
laser pointers or light emitting devices that can be arranged to target and to simulate with dots 

a pattern from a projection surface 
 

 
Figure 8 - Pyrotechnic holders are arranged in angles that align with the trajectories of the 

beams of laser pointers or light emitting devices 
 

 
Figure 9 - Prototype of the support apparatus shown with multiple laser tube holders or 
socket supports.  The tubes holders may have fixed or clamped tilt angles and pan angle 

rotary dials 
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Figure 10 - Support apparatus Ax model       Figure 11 - Support apparatus Top model 

 
The support apparatus in Figure 12 shows multiple socket supports 3D printed with 35 
pan and tilt angles that allow the creation of any number or letter. An assembly is 
shown in Figure 13. 
     

 
Figure 12 - 3D Printed 5x7 shots Universal pattern support 

 

       
Figure 13 - Model of the 5x7 universal support to be constructed with 2 plywood plans with 

laser cut holes 
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RESULTS 
 
Figures 14 and 15 show the apparatus and the results of displaying the number “2”, 
respectively. Figure 16 shows the number “8” and Figure 17 examples of different patterns 
produced with a combination of layers and two different types of pyrotechnic effects; comets 
and mines. 
 

 
Figure 14 - Prop installed in the Space Needle with number 2 filled with pyrotechnic mines 

in the Universal support 
 

 
Figure 15 - Test shot of Number 2 at factory 

 

 
Figure 16 - Number 8 above the Pont Vieux in Bordeaux (Simulation) 
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Figure 17 - An simulation example of different patterns produced with a combination of 

layers and two different type of pyrotechnic effects; comets and mines 
 
 

CONCLUSION 
 
In the near future this new technology will produce display forms that will have a greater 
graphic and artistic composition potential to perform paintings in the sky. 
 
With the continuing evolution of computer design software, 3D and laser printing techniques 
and the development of smokeless and high precision pyrotechnic products, these drawing 
techniques are becoming more and more realistic and precise, and available to the entire 
industry. 
 
These new design techniques are changing our industry. The ability to write in the sky with 
pyrotechnics opens the future of fireworks to limitless design options, once thought 
impossible to produce and now a reality. 
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Rev. Ronald Lancaster MBE 
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Ron@kimboltonfireworks.co.uk 
 
 
 
Correspondence 
 
“Dear Ettore, Thank you for your call, time is passing and Bordeaux will be here sooner than we 
think. All being well I intend to attend Bordeaux but I cannot think that I have anything that I could 
write about that represents anything very special, otherwise I am glad to join in to enjoy and be 
helpful as you wish. 
 
So far as the EU is concerned we have quite serious problems to CE mark our Cat 4 (material for 
professional use and cannot be sold to the general public) items by 2017. We have been totally let 
down by the Civil Service in that the whole of the UK trade is Chinese with no serious control. We 
are constantly spending money over EU rules and to CE mark Cat 4 items by German and Spanish 
standards would cost too much. 
 
There is not even a UK Notified Firework Body yet and they would be too expensive. There was 
never any intention of CE marking Cat 4 and there are the importers who are arguing that they should 
be able to import for ‘own use’ but the result is chaos and the Germans and Spanish are now trying to 
add extra rules instead of guaranteeing a free circulation of goods! You can see why the new 
government has sympathy for a referendum to leave. Mark is the new Under Secretary of State for 
Defence and his wife is the same for Justice and Equality. 
 
I have enclose a limited circulation of my views on the recent past and at the risk of being unpopular I 
would like to say something on lines that we could discuss amicably. Good to be in touch. As ever 
Ron” 
 
Email dated: Wed 13/05/2015 7:02 AM 
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INTRODUCTION 
 
UK firework manufacture as we have known it will come to an end unless we can change the 
current EU policy of insisting that all items will be CE marked by 2017. Two factors are 
largely responsible for this, 

a.   Finance, and 
b.   Bureaucracy 

 
After 1945 in the UK large numbers of fireworks were manufactured by Standard, Brocks, 
Pains, Wells, Lion, Wilders and newer companies like Wessex, Benwell, Rainbow etc. The 
Firework Makers Guild (FMG) was the official body of co-ordination and working with the 
Dept of Trade & Industry (DTI), where time and finance collaborated to produce safer 
standards for the benefit of the general public. This was very necessary after the negative 
publicity of the BBC ‘Man Alive’ programme had undermined some of the general public 
with highly emotive presentations of a number of accidents to children.   In those early TV 
days it was powerful ammunition to those who would like to see the sale of fireworks banned 
to the general public. 
 
By 1970 one or two companies were considering closing (due to age) or amalgamating, but 
the industry recognised that new standards were necessary and that it would be better to stop 
making some items which were a nuisance in the wrong hands. At this time, any kind of 
firework could be placed on the market, there being no authorised list of fireworks. It was 
after this period that attitudes polarised for a time leading to a decline in the sales of ‘shop 
goods’ and an increase in the interest of public displays. It was also a period where imports 
were beginning to increase and the UK manufacturers realised that they might face serious 
competition on price. 
 
The period from 1970 until 1985 was a period of considerable change. The FMG was still 
dominated by the old manufacturers who worried about the future of their own manufacture, 
at the same time recognising the rapid increase of importation from China. There were also 
issues concerning the quality of some imported material, unreliable time fuses, the 
unreliability of traditionally blue nitrated paper as a time fuse, labelling problems and import 
licences. 
 
Most of the FMG dealings were with the DTI where questions of safety and publicity were 
regularly discussed. This required funding from the FMG and records indicate that in 1988 a 
sum of £49,609 was spent on Safety publicity; an indication of the size of the trade at this 
time. In 2015 many importers contribute little or nothing to the well being of the Trade and it 
is not mandatory to join the British Pyrotechnists Association or the Explosives Industry 
Group. 
 
By 1987 the Explosives Branch was beginning to feel stretched. As ever they had estimated 
the amount of time they might give to the issue of licences and not appreciating that time is 
money in the business world, they fell ever behind. One serious problem was their insistence 
on sampling, particularly to detect the admixture of chlorate and sulphur and the existence of 
law forbidding it and even the old assumption that such mixtures would even be in blue stars 
from the EEC. Samples had to be delivered to the Buxton Laboratories, testing took time and 
the answer depended on the availability of the individual inspector who was handling the 
imports that week. There were also arguments about the labelling on the fireworks which 
inevitably led to definitive requirements and a British Standard. This period of control was 
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quite unsatisfactory, made worse by the fact that the Inspectorate gave the impression that 
this was not part of their brief. Having stated that licences could be turned around in ten days, 
the HSE ever optimistic could take weeks or even months. As a result Period Licences were 
deemed to be the solution, but as the importations increased these had to be stopped with the 
arrival of the new British Standard BS 7114:1988. In retrospect even the Period Licence had 
some degree of control and its cessation was a ‘Green Light’ to importers after 1993. 
 
Looking back to the FMG records of the period 1988/89 are very revealing even though they 
sadly date the time of the real break-up of the UK fireworks industry as it had been since 
(possibly) 1875. A brief look at the main firms, with some approximate dates reveal the 
following: 

Pains moved to Salisbury in 1965 as Pains-Wessex and stopped fireworks production 
in 1975 
Standard Fireworks was sold in 1986 
Standard bought Brocks in 1987 
Standard was bought by the Chinese in 1988/89 and manufacture run down 
Similar changes also took place within the EU. 

 
A meeting of the FMG in July ’89 at Kimbolton primarily met to discuss the future.   
Members present were Feistel/Benwell, Festival, Phoenix, Pains, Nationwide, Sohni-Esco, 
Standard & Kimbolton. 

- The main issues, as ever, were classification for transportation, operator fired 
displays and the new British Standard. 
- It also lead to a change of structure of the FMG but Ron Lancaster in the Chair was 
instructed to contact Dr Jim Jeacock of the CBI Explosive Industry Group, to see if 
there would be a way of working together. In time it was decided that the British 
Pyrotechnists Association (BPA) would become a Trade Organisation. 

 
Discussions at FMG meetings up to this point and over these dates 88/89 are important from 
an historic point of view. 

1. A letter from the Chief Inspector of Explosives for the introduction of the new British 
Standard made it quite clear that although the Explosives Inspectorate themselves 
would take samples for BS testing, as and when they wished, it would be the 
responsibility of the Local Authority to check that the BS was maintained. 

2. Trading Standards for their part stated that they did not have the knowledge, time or 
money to check little more than time fuses and labelling. 

3. The DTI also wrote to back up the concerns which Trading Standards were expressing 
about their involvement in the new BS. 

      4.   CAT 4 fireworks were not part of the BS. 
 
 

WHAT HAS CHANGED SINCE THEN? 
 
It was also clear at this meeting that the new BPA was getting ever bigger and was no longer 
a group of people experienced in the handling of fireworks both from a manufacturing angle 
as well as the handling of large quantities. Many of the new organisations were inexperienced 
people who enjoyed putting on firework shows with dangers being compounded in recent 
years by the way electric fuses are treated almost with contempt. 
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As the Inspectorate gets younger they need to go to the Far East to get the feel of what 
manufacture used to be like to get the feel that modern HSE attitudes make it hard to compete 
economically. Time may be money, but the ‘kid glove’ treatment may not be profitable.   
Safety is somewhere in between. 
 
Comparing the post-war period with today is almost bizarre. The dozen or so properly 
licensed manufacturers in approved buildings have reduced to two in fireworks and two 
theatrical. However, Firework Magazine advertises over 150 display companies mostly 
operating under Local Authority Licensing where the two tonne limit requires an HSE licence 
beyond that. The inconvenience, cost and time taken to licence with the Explosives 
Inspectorate and find adequate land, bears witness to the constant expansion of local 
Authority licensing! 
 
It is manifestly unjust that the four manufacturers are subject to the expense which inspection 
entails – particularly if they come under the Control of Major Accident Hazards (COMAH) 
regulations (SEVESO 111). The imposition of COMAH on small fireworks factories in the 
UK is quite unreasonable as we stand listed alongside Petroleum and the Big Distillers, etc. 
We await the enquiries into the deaths of four people involved in the LA licensing area. The 
disappearance of the firework industry in the EU is a feature of its bureaucracy, not only in 
respect of CE marking but also REACH, the European Regulation on Registration, 
Evaluation, Authorization and Restriction of Chemicals (2007). 
 
If the firework industry is finding it difficult to compete economically on price because of 
Chinese exports, it also has problems in chemical supply as REACH eliminates small 
chemical manufacturers and chemical merchants. The UK Firework Trade is now heavily 
dependent on supplies from Italy and Spain. 
 
While the idea of CE marking makes sense for categories 1, 2 and 3 and the fact that these are 
on supply to the general public, it will be quite disastrous if CE marking involves Category 4 
material. As 1988/89 was the end of the old UK firework industry, CE marking of Cat 4 will 
be the end of UK manufacture also; theatrical fireworks are narrower and more specialised. 
Kimbolton Fireworks has as many as 275 products which are classified and authorised under 
the BS. The cost of using a Notified Body (NB) and all the bureaucracy (self created by 
them) could be as much as £250,000 or more. 
 

BUT! 
 
The UK does not have a NB for fireworks and we believe it would be as expensive or even 
more so than others in the EU. Who would check that they gave value for money? It was 
recently said that at a meeting of NB’s, only just over half the members attended. So far we 
are not clear that there is agreement over the grouping of similar products to cut down the 
cost. We do not know what is going on at the centre of the EU bureaucracy and they do not 
seem to ask questions of the right people. 
 
Employing a NB means that we have to pass over all our industrial information and have 
quality control inspections. Confidence is of course emphasised but who has such confidence 
with the Media we have to-day? One US friend is concerned about his problems in exporting 
to the EU. It is clear now that individual countries are adding extra burdens for the crossing 
of EU borders. 
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As the manufacturers dwindle to nothing, the bureaucrats and testers seem to increase – and 
what will they do then. At least they earn a living even if it is questionable in the trade. It is 
simply not good enough that the bureaucrats have little or no real ‘hands-on’ experience. It 
may be about safety officially or simply that they must push on to the ‘final solution’ which 
will get rid of the industry and let it all come from the Far East. 
 
The present demand for Category 4 to be CE marked will have very serious consequences for 
manufacture as follows. 

1. The cost in the first place. But what is the point if you do not make enough in any one 
year to justify that cost. Friends are already saying that they will stop making certain 
items for which there is a demand in the Cat 4 display trade. Another UK 
manufacturer, a small timer who has faithfully and honestly met the UK requirements 
sees no future for him at all. 

2. It will destroy the worldwide competitions where the most important feature is 
originality. They will all be using the same material. Spain incidentally (with 3 or 
more NB’s touting for business) has already stated that only CE marked material can 
be taken to competitions. 

3. No room is left for the manufacture of small items for special functions. E.g. we 
sometimes get asked for a few Diesel igniters for old Diesel engines. 

 
We are also seriously concerned by the assurance that a licensed manufacturer will be able to 
manufacture for his own use. But that does not add up to very much, particularly if you have 
to pay fees for COMAH (because imported material increases our storage space) and such a 
state of affairs might well lead to its abuse. We seem to have lost out all the time due to the 
moving of goalposts. How long will it be before they are changed again? The Kimbolton 
Factory was licensed for 49 tonnes to avoid COMAH (Seveso 111). COMAH was later 
revised down from 50 tonnes to 10 tonnes. Do all EEC members classify fireworks as being 
within COMAH? 
 
With the current attitudes of the UK, we clearly need to make sure therefore that all our items 
are at least Classified and Authorised under the old British Standard system so that at least we 
have that record, but the bureaucracy has let us down by stating that new fireworks can be 
recorded but cannot be sold without CE marking. It has been a complete hindrance and waste 
of time. There are no new fireworks, only those that we have made for the last 200 years. 
 
It seems to be important that we should record the fortunes of the UK firework industry over 
the last years. It may be a pious hope that all will be well by 2017. Those of us who have 
lived out this period are not at all optimistic and fear that 2017 may not be so much the end of 
traditional industry so much as the beginning of the end as individual members of the EU 
begin to exercise various forms of political control. So far as Kimbolton Fireworks is 
concerned we can see the sense of CE marking Cats 1, 2, 3. 
No CE marking Cat 4. At worst we are happy just to sell within the UK. 
 
On a personal note, many of my oldest friends are members of the EU and my vote would be 
to remain within it. One famous man used the words, ‘speaking the truth then in love’. I feel 
that well-meaning people are destroying something by going too far; we do not wish to go 
over the cliff like the Gadarene swine.  
 
The issues need to be debated at the International Symposium on Firework in Bordeaux this 
September. 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 

THE LANGUAGE OF PYROTECHNIC EFFECT NAMES 
PART 3: 

VDL 1.0 SPECIFICATION 
 

Will Harvey and Dustin Leary 
Finale Fireworks 

USA 
 

15th International Symposium on Fireworks 
Symposium International sur les Feux D'artifice 

 
September 21-27, 2015 

le 21 au 27 septembre 2015 
 

Bordeaux, France 
 



394 

THE LANGUAGE OF PYROTECHNIC EFFECT NAMES PART 3: 
VDL 1.0 SPECIFICATION 

 
 

Will Harvey and Dustin Leary 
Finale Fireworks 

165 Hawthorne Ave 
Palo Alto, California 94301 USA 

will@finalefireworks.com 
dusty@finalefireworks.com 

 
 
 

ABSTRACT 
 
The study of pyrotechnic effect names that began with the 2012 ISF paper “The Language of 
Pyrotechnic Effect Names” and continued two years later with “Part 2” concludes in this 
paper with a set of rules that computers can follow to interpret effect descriptions written in 
English. The set of rules is called VDL, for “Visual Description Language.” 
 
The rules generally produce correct interpretations for effect names as they are, without any 
modification, but not 100% of the time. This paper is aimed at manufacturers, distributors, 
and display professionals to show you how to add minor clarifications to the effect names in 
your catalogs so that VDL based computer programs can produce accurate visual simulations 
for the effects just by reading them. 
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INTRODUCTION 
 
Visual Description Language (VDL) is a set of rules for interpreting pyrotechnic effect 
names. VDL interpretations are often correct for effect names as they are, or nearly correct. 
For the cases in which the VDL interpretations are wrong, a small adjustment to the name of 
the effect may be all that is required to fix its VDL interpretation. 
 
Why does this matter?   
 
The VDL rules can be implemented by computer programs, which means that if VDL 
interprets your effect names correctly, then computer programs that implement VDL can 
create visual simulations for your effects automatically. Having VDL information associated 
with fireworks catalog listings makes the products more desirable for display companies who 
create computerized fireworks display simulations both to design displays and to use as a 
sales tool. 
 
This paper presents the language specification for VDL.  It is addressed to fireworks display 
professionals who use visual simulations, and to manufacturers and distributors who have 
display professionals as their customers. With a relatively small amount of effort, you can 
add value to your fireworks catalogs by making them compatible with computer programs 
that utilize a commonly accepted set of VDL rules, such as those proposed here. 
 
For outdoor aerial effects, the short “ALL YOU NEED TO KNOW FOR AERIAL” section of 
this paper shows how the basic aerial effect names are interpreted by VDL rules. You can use 
these guidelines to make adjustments to the names or descriptions of your fireworks so that 
the VDL interpretations match the real world effect accurately. You can make the 
adjustments to the names themselves, or add alternate “VDL description” fields to the catalog 
listings.   
 
For cakes, the following “ALL YOU NEED TO KNOW FOR CAKES” section shows how to 
describe single or multi-effect cakes in detail, down to the individual tubes, angles, and 
timing, such that VDL based computer programs can accurately produce a simulation of the 
full cake. Since multi-effect cake descriptions are long, they are best suited for an alternate 
“VDL description” field for your effects, rather than a modification of the effect name itself.    
 
For people with technical backgrounds, the longer section “WHAT VDL EXPERTS NEED TO 
KNOW” provides the detailed specifications for understanding and adjusting effect 
descriptions to create the highest quality visual simulations. 
       

 
ALL YOU NEED TO KNOW FOR AERIAL 

 
The VDL rules are built around a sentence structure, or grammar, that is simple enough to 
explain in the next few pages. This sentence structure is all you really need to know. You can 
describe any shell in this manner, and if you do, then computer programs implementing VDL 
are very likely to understand your description. You don’t have to think very hard. 
 
What you do have to think about is: how does a computer (or for that matter another human 
being) divide an effect description into groups of words, and understand what the groups are 
referring to. For example, 
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Tiger Tail Brocade Silver & Red Pistil 
 
could mean a lot of things, depending on how you group the words. If we assume this 
relatively simple description is an aerial shell, the groups of words may be referring to a 
rising effect, the primary petal, or the pistil.  Here are some different possible interpretations: 
 

Table 1 - Multiple interpretations of ambiguous effect description 
Rising effect Primary petal Pistil 
Tiger Tail Brocade Silver & Red Pistil 
Tiger Tail Brocade Silver Red Pistil 
Tiger Tail Brocade Silver & Red Pistil    
Tiger Tail  Brocade Silver & Red Pistil 
 
Understanding the grouping of words in an effect description and understanding what the 
groups refer to are important concepts for interpreting effect names. The simple example 
above has interpretations that are at least somewhat similar. Other effect names described 
later in this paper could be interpreted ambiguously as completely different kinds of effects.  
There’s a big difference between an aerial shell and a rising star, but the effect descriptions 
can look a lot alike. 
 
Approach 
The approach taken by VDL to understand word grouping is to look for prepositions in the 
effect name, which indicate the breaks between groups of words. The above example didn’t 
have any prepositions, but if you wrote it instead as, 
 
Tiger Tail To Brocade Silver w/ Red Pistil    
 
then the three groups of words are easy to recognize. Adding prepositions to your effect 
names to split up the groups of words goes a long way toward making them unambiguous. 
 
The plus sign (+) and ampersand (&) are also important for grouping words. When you see 
Red & Blue Peony Cake, is that a cake of single shells with mixed color stars, or a cake of 
red shells and blue shells? There is no consistent usage or convention in effect names today, 
so VDL takes a stand: The plus sign (+) separates sub-effects like shells, whereas the 
ampersand (&) combines sets of colors that are mixed together. Thus Red & Blue Peony 
Cake has shells with mixed color stars, but Red + Blue Peony Cake has red shells and blue 
shells. 
 
In addition to the plus sign and ampersand, VDL standardizes the syntax for writing 
“auxiliary” specifications like the caliber of the effect (e.g., write 2.5” instead of 2-1/2) or 
the number of shots (write 49 Shot, not 49t or 49s or 49). 
 
Together, the few standards for prepositions and the few conventions for specifications make 
it possible for VDL rules to interpret most effect names. The approach is spelled out in the 
next sections.  
 
Auxiliary specifications 
Auxiliary specifications, like the height, duration, prefire time, or caliber of the effect can be 
written the same way across all categories of effects. 
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2.5” 280’ Peony 2.6s PFT 
 
25mm-49 Shot-18s-Red Pearl Cake 
 
If you use the shaded background parts of these examples as templates for writing your 
auxiliary specifications, VDL rules will read the information correctly. Splitting out the 
specifications is the first step in grouping the words in the effect description. What is left 
after removing the specifications is the body of the effect. 
 
Body 
The body of an effect name describes what it is. The body splits up hierarchically into 
subgroups based on the propositions and punctuation in the effect name. Each shell in the 
body, if it has more than one, is a sub-effect. Pistils and petals of the sub-effect are 
represented by clauses, as is its attached rising effect if it has one. Within the clauses, the 
phases of color changes or transitions are the phrases.   
 
By way of example, all levels of subgroups -- the body, sub-effect, clauses, and phrases -- are 
contained in this effect description:  
 
3” 5s Red To Blue Peony w/ Gold Tail + Silver Chrys Chain 
 
The first level of grouping separates the auxiliary specifications from the body. 
 
3” 5s-Red To Blue Peony w/ Gold Tail + Silver Chrys Chain 
auxiliary    body 
 
The body splits into sub-effects, separated by plus signs (+): 
 
Red To Blue Peony w/ Gold Tail-Silver Chrys  
 sub-effect           sub-effect 
 
To determine what the sub-effects are, the VDL rules first determine if the body is a chain or 
cake or candle by searching for the terms Chain, Cake, or Candle.  If so, then the sub-effects 
represent the shells in the chain or the shots in the cake or candle. Otherwise the sub-effects 
are shells or sections of a peanut shell or multi-break cylinder shell. In this example the sub-
effects are shells. 
 
Red To Blue Peony w/ Gold Tail-Silver Chrys  
 shell          shell 
 
The VDL rules split the sub-effect into its clauses based on the preposition With, and 
sometimes the preposition To. The preposition With (which we abbreviate w/) is the most 
straight forward way to add a clause to an effect description. You can easily add a pistil, or a 
petal, or a tail to an aerial effect with a “with-clause” like w/ Crackling Pistil or w/ Gold 
Tail.  In this example, the clauses are,   
  
Red To Blue Peony-Gold Tail-Silver Chrys   
 clause    clause    clause 
 
In some circumstances, you can use the preposition To to separate clauses. The effect name at 
the top of the Approach section above is an example (Tiger Tail To...). The problem with 
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To is that it is also the preposition that separates phrases that represent transitions (e.g., Red 
To Blue), and the rules that distinguish “to-clauses” from transitions are complex. The rules 
are described in the expert section, but if you always use “with-clauses” instead of “to-
clauses” in your effect names, and only use To for transitions, then you don’t need to worry 
about the complex rules.  
 
In this example, the To prepositions separate the transition phrases, producing the final level 
of grouping: 
 
Red-Blue Peony-Gold Tail-Silver Chrys  
phrase   phrase       phrase  phrase 
  
These grouping steps break down the original effect description into individual parts, 
organized in way that can be interpreted unambiguously. No matter what type of effect you 
are describing, if your effect name follows this structure, there is a good chance the VDL 
rules will interpret the different parts of the name correctly.    
 
Types of effects 
VDL rules classify effects and sub-effects into six basic categories: shell, mine, rising, 
fountain, rocket, and other. The rising category encompasses comets and other types of stars 
or inserts that are shot out of tubes from the ground. The term “rising effect” can mean two 
things. In the present context, an “independent rising effect” is an effect or sub-effect in the 
rising category; in other contexts, an “attached rising effect” is an ancillary effect attached to 
a shell to give it a tail or flowers on the way up. Attached rising effects do not affect the 
category; a shell with an attached rising effect is still a shell. 
 
Cake and candle are two additional effect categories for effects made up of other basic 
effects. To give you the general sense of what VDL-based effect names look like, here are 
examples of VDL effect names in the six basic categories. 
 

Table 2 - Examples of effect types 
Effect description Category 
Red To Blue Peony w/ Strobe Tail Shell 
Red Mine w/ Whirls Mine 
Tiger Tail To Report Rising 
15’ 20s Crackling Silver Gerb Fountain 
Silver Rocket w/ Varg Falling Leaves Heading Rocket 
30s White Strobe Pot Other 
 
Colors and trails of sparks 
You recall that the plus sign (+) separates sub-effects, and the ampersand (&) combines colors 
that are mixed together. To indicate color transitions, use the word To between the colors.  
Remember these three rules: 
 
Rule 1: Use the plus sign (+) to separate sub-effects. 
Rule 2: Use the ampersand (&) to combine colors of stars that are mixed together. 
Rule 3: Use To between colors to represent transitions. 
 
As an example of Rule 1, the following represents three colors of shells: 
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Red Peony + White Peony + Blue Peony 
 
As an example of Rule 2, the following is a single shell with mixed color stars: 
 
Red & White & Blue Peony 
 
As an example of Rule 3, the following represents a three stage color transition: 
 
Red To White To Blue 
 
Some flower types like Chrys imply that the stars have trails of sparks. Others like Peony 
imply that they don't. But these implications are not hard and fast rules. They are defaults that 
apply in the absence of more specific information. When you describe a shell with additional 
terms, the color rules can become a little bit complicated. 
 
Some colors and adjectives refer to the flame envelopes/colors of stars (the “tip”), whereas 
others refer to the trails of sparks that the stars leave behind. In general, chromatic colors like 
Red, Blue, and Green, refer to flame envelopes. Three special colors -- Gold, Silver, and 
Gamboge -- refer to trails of sparks. If you want to indicate a gold or silver colored star, you 
can write Gold Tip or Silver Tip. The color White is used ambiguously in pyrotechnics 
descriptions. VDL takes the stand that White is a flame envelope color, not a trail of sparks 
color (generally Silver).   
 
The combination of the flower type and any colors or adjectives in the phrase determines 
whether the stars have flame envelopes or spark trails, or both. You can use the following 
table of examples as a guide: 
 

Table 3 - Comparison of flame envelope examples to spark trail examples 
Has flame envelope Has trails of sparks Has both 
Red Peony Gold Chrys Red Chrys 
White Peony Silver Kamuro Gold Peony 
Gold Tip Peony Gold No Tip Peony Crackling Peony 
Red No Trail Chrys   
 
The terms No Tip and No Trail can be used to cancel out a flame envelope or trail of sparks 
that would otherwise be implied by the flower type. The bottom left example in the table, Red 
No Trail Chrys, is a Chrysanthemum shell which red stars don’t leave the trails of sparks 
that are characteristic of that type of shell. Without No Trail, the stars would be assumed to 
have a red flame envelope and a gold trail of sparks (the upper right in the table). 
 
Petals, pistils, and inclusions 
“With-clauses” like w/ Crackle Pistil or w/ Red Ring or w/ Outer Blue incorporate 
additional petals into a shell description. The terms in these examples that define the petal 
shape are required (Pistil, Ring, Outer).  If the clause doesn’t specify the petal shape (e.g., 
w/ Crackle, or w/ Red, or w/ Blue) then the indicated stars or inserts are included in the 
main petal, mixed in with the others. 
 
You can indicate a specific number of inclusions mixed in by writing out the number 
longhand as N-times, as in this example with five reports. 
 
Crackling Red Peony w/ Five Times Report 
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Trails versus tails (no “r”) 
The words "tail" and "trail" are often conflated because to most people they mean almost the 
same thing, and they differ by a single letter.  VDL rules give a precise meaning to the two 
terms: a Trail is a path of sparks; A Tail is either (a) a rising effect attached to a shell that 
may or may not not include a trail of sparks (it could be just a flame), or (b) an independent 
rising effect that necessarily does include a trail of sparks (otherwise it would be called a 
Pearl).  Thus in VDL, 
 
Red Peony w/ Blue Tail 
 
represents a red Peony shell with a rising effect attached to the shell. The attached rising 
effect produces a blue flame envelope and no trail of sparks because none is indicated or 
implied by the Tail in the context of an effect attached to a shell. 
 
However, if you write, 
 
Rising Blue Tail 
 
the independent rising effect has both a blue flame envelope, because it is indicated by the tip 
color Blue, and a trail of sparks implied by the Tail in the context of the independent rising 
effect. 
 
The word Pearl means an independent rising effect with a flame envelope. Since Pearl only 
applies to independent rising effects, it has no ambiguity.  It always implies a flame envelope. 
 
Summary 
If you follow the basic sentence structure presented in this section for your effect names there 
is a good chance VDL-based programs will understand them correctly. The sentence structure 
is not a guarantee because obviously your effect names may contain terms that VDL does not 
even recognize, but if you get the sentence structure right, and the auxiliary specifications 
right, you will almost always get a serviceable approximation. 
 
So this is a good place to start. If you want to describe cakes, you’ll need to read the next 
section to learn the syntax for specifying the layout of the sub-effects within the cake. If you 
want to fine tune your effect names to create visual simulations that are highly precise 
representations of your real world effects, you will may to read the expert section for 
additional details. 
 
 

ALL YOU NEED TO KNOW FOR CAKES 
 
Cake and candle effect names are based on the sub-effects that they contain, so everything in 
the previous section also applies to cakes and candles.  The additional layer of information 
that cakes introduce is the arrangement of the sub-effects into rows and tubes, and the firing 
pattern of those tubes. 
 
Structure of a cake effect name 
Cakes and candles comprise one or more shots of the other six basic effect types. The syntax 
of cakes, candles, single shot candles, and candle bundles are all the same. The only 
difference is the term that defines the device itself: Cake, Candle, Roman Candle, etc.   
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VDL supports multiple levels of detail. For example a simple cake description is, 
 
49 Shot 5s Cake 
 
A more complex description that includes multiple effect types in multiple firing patterns is, 
 
30mm 49 Shot 5s (a) Red Pearl + (b) Blue Pearl Cake 7 Rows, Z-Shape, Row 
1,3,5 (a), Row 2,4,6 (b), Row 7 (1.2/abababa/FNT) 
 
The longer example describes a zipper cake with 6 rows of alternating colors, and finally a 
last row with alternating effects in the tubes in an all-at-once fan, preceded by a 1.2 second 
delay.  
 
The syntax of a cake description breaks down into auxiliary specifications, body, and row 
specifications. From the example above, the three parts, in order, are, 
 
30mm 49 Shot 5s  
---- auxiliary ------- 
 
(a) Red Pearl + (b) Blue Pearl Cake  
---------------------- body --------------------- 
 
7 Rows, Z-Shape, Row 1,3,5 (a), Row 2,4,6 (b), Row 7 (1.2/abababa/FNT) 
-------------------------------------- row specifications ---------------------------------------- 
 
The body contains one or more effect descriptions of the shots in the cake, separated by plus 
signs, with single letter labels in parentheses that the row specifications can refer to for the 
tubes. The row specifications can optionally specify the number of rows, their tube layout, 
the timing, and the firing patterns of the effects. Within the row specifications, the parts in 
parentheses are called the firing description; they apply to the rows identified immediately 
before. In the above example, the firing description (a) applies to rows 1, 3, and 5. The firing 
description (b) applies to 2, 4, and 6. And the firing description (1.2/abababa/FNT) applies 
to row 7. Firing descriptions are optional. If not explicitly provided, the default firing 
descriptions are based on equal timing between firing events, and cycling through the defined 
effects in each row. 
 
Firing descriptions 
Firing descriptions contain information that specifies the construction of a row. The attributes 
that you can define are, 
 

Table 4 - Firing description parameters 
Attribute Example Characters 
Delay before row 0.2/ Integer or float at the beginning 
Duration of row /1.2 Integer or float before the asterisk if 

present, or otherwise at end 
Effects in the tubes, left to right abababa Letters referencing labels in the body 
Firing pattern FNT Three letter keyword from the firing 

keyword appendix 
Caliber 3” Integer or float followed by " for inches 

or mm for millimeters 
Firing in parallel with previous row * Asterisk at end of description 
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All the attributes in a firing description other than the asterisk are separated with forward 
slash, as in these examples: 
 
(0.5/abababa/FNT) 
(ababababa/FNR) 
(0.2/ababababa/FNR/0.75) 
(30mm/a*) 
(0.2/30mm/ababababa/FNR/0.75*) 
 
The numbers in the firing descriptions refer to the delay prior to the row if they are at the 
beginning of the phrase (0.5 and 0.2 in the above examples) or to the duration if they are not 
at the beginning (0.75 in the example). If there is an asterisk, it must be last. 
 
The three letter firing pattern defines the firing order and angles of the tubes in the row. By 
default, a cake effect description with no firing pattern specified will have an Up-
Sequence firing pattern, abbreviated STR, which means all the tubes are aiming straight up 
(the “ST” for straight up) and they are fired in left to right order in the row (the “R” for left to 
right order). A similar firing pattern is Up-Reverse, abbreviated STL, which is the same 
except fired in the reverse order, right to left. A third example is Up-Together (STT) which is 
all tubes firing at the same time. 
 
Three other common firing patterns are FNR, FNL, and FNT, for Fan-Right, Fan-Left, and Fan-
Together. Additional firing patterns are listed in the table in the later section. 
 
 

WHAT VDL EXPERTS NEED TO KNOW 
 
Objective 
The earlier sections are aimed at manufacturers, distributors, and display professionals who 
want to enhance the VDL interpretations of the fireworks in their catalogs to a serviceable 
level. 
 
This section is aimed at people with a technical background who want to create VDL 
descriptions that result in the highest quality and most accurate visual simulations possible. If 
you are manufacturer or distributor interested in investing in your catalog’s VDL descriptions 
to provide the greatest possible value to your customers, or if you are a display professional 
wanting to make the highest quality visual simulations for the inventory that you work with, 
or if you are a programmer or consultant interested in providing VDL tools or services, this 
section is for you. 
 
Determining the effect type 
Determining the effect type is arguably the single most important step in interpreting an 
effect name. For many types of effects, the task is simple: if an effect name includes the term 
Rocket, then it is a rocket; if includes the term Fountain, it is a fountain. For other types of 
effects, particularly effects in cakes, the determination is not simple. Crossette in isolation 
is a shell, but Crossette in a cake is an independent rising effect. 
 
Effect names fall into eight categories: shell, mine, rising, fountain, rocket, other, candle, and 
cake. The last two categories, candles and cakes, comprise one or more shots of the other six.  
The category of a VDL effect can be determined according to these rules, in order: 



403 

1. If the description contains the term Cake or Candle or Chain, then it is a cake or 
candle or chain consisting of sub-effects whose categories are determined from the 
remaining terms. Also, if the description defines the number of shots (e.g., 49 Shot) 
then it is a cake unless otherwise indicated. 

2. If the description contains plus signs (+), then it represents multiple sub-effects, 
separated by the plus signs.  The category of each sub-effect is determined 
independently by the remaining rules.  

3. If the description contains the terms Rocket, or Fountain, or synonymous term, then 
the corresponding category applies. Similarly, if a term implies the “other” category 
(Flame Projector, Strobe Pot, Lance), then that category applies. Otherwise, one of 
the remaining three categories applies, according to the remaining rules. 

4. If the term Mine or a synonym is present before any With, then the mine category 
applies. 

5. If the term Salute or Aerial is present, then the shell category applies (a Ground 
Salute would be recognized in Step 3 as being in the category “other” by virtue of 
the term Ground). 

6. If a term that definitively implies a petal (Pistil, Ring, Shell, Shell-of-shells, 
etc.) is present before any With, the shell category applies. Flower types like Willow, 
Peony, Brocade, etc. are not considered to imply a petal definitively since the terms 
also can be used to describe star characteristics of a non-shell effect, as in, Brocade 
Mine. 

7. If a term that implies the rising category (Comet, Pearl, Tail, Rising) is present 
before any With, and no other non-aerially-ambiguous term (as defined in the next 
rule) that provisionally implies a petal (Willow, Peony, Brocade, etc.) prior to any 
With exists following a To that follows the term, then the rising category applies. 

8. If the description is part of a cake or candle, and does contain a term that is aerially 
ambiguous (Crossette, Scattering, Shuttle, Whirl, etc.) before any With, and 
no other non-aerially-ambiguous term that provisionally implies a petal prior to any 
With exists following a To that follows the term, then the rising category applies. 

9. Otherwise the shell category applies. 
 
The foregoing rules provide a reasonable set of answers to some of the most severe 
ambiguities of effect descriptions written in the English language. Some examples are, 
 

 A Crossette (by itself) is a shell, whereas a Crossette Cake is a cake of individual 
crossette stars (not shells). An Aerial Crossette Cake is a cake of shells. 

 A Comet (by itself) is indeed an independent rising effect, whereas a Comet Ring or 
Comet Shell or Comet Crossette Shell is an aerial shell (the Comet term being 
garniture). A Red Peony w/ Comet Tail is an aerial shell with a comet-like attached 
rising effect. 

 A Tail or Tiger Tail by itself is a rising effects, as are the effects in a Tiger Tail 
Cake or Brocade Tail Cake, but a Brocade by itself is a shell, as is a Brocade w/ 
Tail or Brocade w/ Tiger Tail or Tiger Tail To Brocade. 

 The descriptions Comet To Brocade, and Tiger Tail To Peony and Tail To 
Salute are all shells, whereas Red Tail To Blue and Silver Tail To Report are 
rising effects. 

 
The rules are not perfect. For example, in the absence of other information a Comet 
Crossette would probably be understood by humans to mean a shell, but VDL interprets it 
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as a rising effect. Knowing the rules, however, you can usually add minor clarifications to the 
effect descriptions to produce the correct interpretation, such as writing Comet Crossette 
Shell or Aerial Comet Crossette.  
 
The rule set gives reasonable answers to many degenerative effect descriptions that are 
common in real world inventories. Perhaps the most common is the pithy description: 
 
3” Red → shell 
 
Syntax for shells 
Flower names of aerial shells like Peony, Dandelion, and Chrysanthemum describe 
characteristics of the break and characteristics of the stars themselves. Some flower names 
like Dandelion imply specific colors, whereas others like Peony or Chrysanthemum imply 
some characteristics of the stars -- how quickly they expire, and whether they have a flame 
envelope or leave a trail of sparks -- without any implication of color. In addition to breaks 
and stars, Dandelion and a few other flower names like it imply a rising effect attached to the 
shell on the way up. 
 
Almost all effect descriptions based on flower names can be modified with additional 
adjectives, phrases, and clauses to be different from the prototypical meaning of the flower 
name, so with respect to the shell’s syntax, the flower name’s characteristics should be 
considered provisional, rather than definitive. A Dahlia flower type implies a sphere shaped 
petal (provisionally), but a Dahlia Ring would have a ring shaped petal (definitively) of 
otherwise Dahlia-like stars. 
 
The simplest syntax of a shell is just a flower name, which forms the basis of most shell 
descriptions, e.g.: 
 
Peony 
 
Adjective phrases can further specify the star or break characteristics or override the 
provisional characteristics implied by the flower type, such as, 
 
Crackling Red Peony 
 
To-phrases enable the description to incorporate color changing or transitioning stars, as in, 
 
Crackling Red To Blue Peony 
 
“With-clauses” enable the description to incorporate pistils, additional petals, or a rising tail. 
 
Crackling Red To Blue Peony w/ Blue Pistil w/ Gold Tail 
 
According to the Structure of an effect name, above, the “with-clauses” themselves may 
break down into to-phrases for color changes or transitions. The effect descriptions start to 
look overwhelming, but the syntax is unambiguous. For example, 
 
Crackling Red To Blue Peony w/ Blue To Red Pistil w/ Gold Tail 
 
The syntax of this description has the structure of phrases as described above: 
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Crackling Red - Blue Peony- Blue - Red Pistil - Gold Tail 
phrase           phrase       phrase       phrase          phrase 
------------ clause ----------------  ------ clause ---------   -- clause -- 
-------------------------------- body -------------------------------------- 
 
Syntax of attached rising effects (tails) 
 
The with-phrase in the examples above is the most straight forward syntax for rising effects 
attached to the shell, but in order to support the broadest range of existing effect descriptions, 
VDL also supports a syntax of writing the tail first, as in these examples, 
 
Tiger Tail To Salute 
Red Tail To Brocade 
Rising Red To Willow 
 
This syntax is asking for trouble because effect names like these can very reasonably be 
interpreted to mean independent rising effects or shells with attached rising effects, but since 
the syntax is in wide use, VDL provides an interpretation. 
 
A careful look at the effect type rules shows why these three examples are all interpreted in 
VDL as shells with rising effect tails, rather than independent rising effects.  The key to the 
rules is that if the effect description has a term that implies the rising category (Tail, Rising, 
Comet, etc.) to the left of a To and a term that implies a provisional or definitive petal, or a 
salute, to the right of the To, then the description splits into a tail description on the left and a 
shell description on the right.   
  
Differentiating independent rising effects from aerial shells 
Based on the last three examples, one might hastily conclude that the effect, 
 
Gold Tail To Red 
 
is a red shell with a gold tail, but according to VDL it is not. Since the term Red doesn’t 
imply a petal, there is nothing in the description to countermand the interpretation that it is 
simply a color changing rising star, as might be shot from a cake or candle. 
 
The difference between Tail To Red Peony (an aerial shell with an attached rising effect), 
and Tail To Red (an independent rising effect that transitions to red) is subtle. To remove 
any possible ambiguity for describing an aerial shell, you can add the term Aerial for the 
transition, as in the aerial shell, 
 
Gold Tail To Aerial Red 
 
but in practice this need does not arise very often. To remove any possible ambiguity for 
describing a rising effect, you can put the Tail term (or Comet or Pearl or Rising, etc.) last, 
as in the rising effect: 
 
Gold To Red Tail 
 
In cakes and candles, some effect terms like Crossette and Tourbillions typically 
represent individual rising stars and inserts, yet as individual effects these same terms 
typically represent aerial shells. In VDL these terms are called aerially-ambiguous, and the 
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effect type rules treat them specially (see rule 8). In cakes and candles (but not as individual 
effects), aerially-ambiguous terms imply the rising category unless a term like Aerial or 
Shell explicitly indicates the aerial shell category. The rule works so well you rarely need to 
use the Aerial or Shell term, but if you need to represent a cake that contains 
crossette shells (as opposed to individual crossette stars), you have a way to do it. Three 
examples summarize the options: 
 
Crossette (aerial shell) 
Crossette Cake (cake of rising stars) 
Aerial Crossette Cake (cake of crossette shells) 
 
Rising flowers 
Rising flowers are themselves shells, so their syntax is the same as the syntax for the shell 
they are attached to, inside a clause of the form w/ <description> Rising Flowers: 
 
Green Peony w/ Falling Leaves Rising Flowers 
Yellow Peony w/ Red To Blue Rising Flowers 
Red Peony w/ Four Times Blue Rising Flowers w/ Green 
 
The third example indicates the number of rising flower breaks (Four Times). VDL supports 
up to ten rising flowers on an aerial shell, with the number spelled out as in this example. By 
default the number of rising flowers is three if not otherwise indicated. 
 
The third example also illustrates a limitation on the syntax for rising flowers: They cannot 
themselves include “with-clauses.” The green pistil at the end of the effect description applies 
to the aerial peony, not the blue rising flowers. Given the rules of the syntax, it would be 
clearer to write the description as, Red Peony w/ Green w/ Four Times Blue Rising 
Flowers. 
 
Salutes 
The term Salute in VDL refers to the explosive effect of an aerial shell that has no stars, in 
contrast to the term Report, which refers to the final explosive charge culminating the life of 
a star or insert. The subtle difference in words has large difference in meaning, so care must 
be taken with VDL descriptions including these terms. Red To Report is an aerial shell of 
red stars that end in an explosive charge. Red To Salute is a salute shell with a red tail. 
 
Report 
Since Report refers to the final explosive charge culminating the life of a star or insert, the 
natural VDL syntax is in the form of a transition like Red To Report, referring to red stars 
that end in report. Outside of VDL, however, there is no bright line distinction between the 
meaning of these two terms, and it happens that the most common syntax in real world effect 
names is w/ Report, as in Bottle Rocket w/ Report or 96 Shot Cake Color Pearl w/ 
Report. 
 
To accommodate existing effect names, VDL rules treat clauses like w/ Report as if the 
preposition were To instead of w/, so the examples in the previous paragraph are interpreted 
as Bottle Rocket To Report and 96 Shot Cake Color Pearl To Report. This rule 
applies to “with-clauses” that (a) imply a report and (b) do not contain To or Aerial or any 
term that implies a petal (e.g., Pistil, Peony, Ring, etc.) or any term that implies a specific 
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number of stars or inserts (e.g., Seven Times). Thus the rule does not apply to Green Peony 
w/ Seven Times Report, because it indicates the number of reports. 
 
The last example illustrates that you can specify an exact number of included reports or other 
types of inserts or stars by writing out the number longhand as N-times. Here are some 
additional examples: 
 
Seven Times Report Shell 
Peony w/ Seven Times Report 
 
Crackle 
In real world effect names the terms Crackle and Crackling are both used ambiguously to 
mean that the stars in an effect have crackling characteristics, or to mean an effect includes 
crackling stars in addition to the other stars, or to mean an effect has a pistil with small stars 
that end in a crackling burst. The simple effect name Red Peony w/ Crackle could have any 
of these meanings, depending on who you ask.  
 
VDL takes the position that the terms Crackle and Crackling are synonyms, and that the 
differences in meaning come from the grammar. If the terms are used in combination with the 
flower type, as in Crackling Red Peony, then they simply mean that the stars in the flower 
have crackling characteristics. If the effect description uses a to-phrase, as in Red Peony To 
Crackle, the meaning is that the star assumes crackling characteristics in the second phase of 
a transition. If the effect description uses a “with-clause” that doesn’t contain Pistil, as in 
Red Peony w/ Crackle, the meaning is that the effect includes additional crackling stars. If 
the effect description uses a “with-clause” including Pistil, as in Red Peony w/ Crackle 
Pistil, the meaning is that the pistil contains small stars that end in a crackling burst. The 
defined term Popcorn Crackle by itself means a small petal of small stars that end in a 
crackling burst, which is the same thing as w/ Crackle Pistil except that it may be the 
primary petal.  
 
Glittering, strobing, and other modifiers 
Modifiers like Glittering and Strobing define star characteristics. A Strobing Red 
Peony has strobing stars.  A Glittering Chrys leaves trails of glittering sparks. The terms 
have no semantic complexity except that their inclusion as garniture in an effect description 
can imply a flame envelope or trail of particles that would not otherwise be entailed. The 
stars of a Strobing Chrys, for example, have to have flame envelopes or there would be 
nothing to strobe.  
 
Shell-of-shells 
A shell-of-shells effect name is just the subshell's effect name, followed by the words Shell-
Of-Shells, as in,  Red Peony Shell-Of-Shells. If the effect name begins with multiple 
colors, the colors indicate multiple kinds of subshells. Thus, 
 
Red & Blue Peony Shell-Of-Shells 
 
includes two kinds of subshells: red and blue. It does not include a subshell with mixed red 
and blue stars because in VDL the interpretation with homogeneous star colors in a shell or 
shot of a multi-shot effect takes precedence over an interpretation with mixed star colors 
when both interpretations are possible. 
 



408 

If you want mixed stars, you can write, 
 
Red & Blue Mixed Peony Shell-Of-Shells 
 
adding the term Mixed to indicate that the colors apply to mixed stars within each subshell or 
shot instead of applying one color per subshell or shot.  
 
You can indicate the number of subshells by writing out the number longhand as N-times: 
 
Seven Times Salute Shell-Of-Shells 
 
Color changes and transitions 
If an effect name articulates a transition to the right of the flower type, any trail implied by 
the flower type does not apply to the transition unless explicitly mentioned. So, 
 
Red Chrys To Blue 
 
begins as stars with a red flame envelope and gold trail, and transition to a blue flame 
envelope and no trail. If you want the trail in the blue phase, you must explicitly mention it 
by indicating a trail color, and optionally the term Tip to make the word sequence more 
readable: 
 
Red Chrys To Blue Tip Gold 
 
Transitions to the left are the same, with one exception: if the flower type is not adorned by 
any adjectives applying to flame envelopes or trails other than a single flame envelope color, 
and if all the transition phases to the left of the flower type also consist of only a single flame 
envelope color, then the transition is a special type of transition called a "simple color 
change," the significance of which is that flame envelope and trail properties implied by the 
flower type do apply to transitions on the left for simple color changes. Thus in the effect 
name, 
 
Red To Blue Chrys 
 
both the red phase and the blue phase of the stars have a gold trail. 
 
Variegated, rainbow, and multi-color 
The term Variegated or Varg for short applies to mixed color stars in a shell or mine. It is  
similar to writing Red & Yellow & Green & Orange & Purple except that the colors are 
never interpreted to apply to a subshell of a shell-of-shells as a whole or to separate shots of a 
multi-shot effect; the colors always apply to mixed stars. 
 
The term Multi-Color applies to subshells of a shell-of-shells, or to separate shots of a 
multi-shot effect; never to mixed stars. Thus Varg and Multi-Color may mean the same set 
of colors, but they apply to different things. You can imagine the difference between these 
two shell-of-shells: 
 
Varg Peony Shell-Of-Shells 
Multi-Color Peony Shell-Of-Shells 
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In some effect names, the word Varg or Multi-Color has no meaning because it doesn't 
apply. These two effect names make no sense: 
 
10 Shot Varg Rising Pearl Cake 
Multi-Color Peony 
 
(The rising pearls are each a single star shot, so each one can be at most one color, not a 
mixture of variegated colors. The multi-color peony is a single shell, so only one color of the 
multi-color set can apply.) 
 
The term Rainbow is like Multi-Color, applying to subshells or shots but not mixtures of 
stars. New-Color  and Color are just like lists of colors; they can apply subshells, shots, or 
mixed stars. 
 
Crackle colors 
Crackling star trails include energetic sparks that pop. Simply adding the word Crackling to 
an effect description implies the star has trails and that the trail has crackling sparks. By 
default, the sparks are the same color as the trail, but VDL defines a special set of colors that 
apply specifically to the crackling sparks, without applying to the non-crackling sparks of the 
same star trails. Using these crackle colors, you can represent a second color in the sparks of 
a trail. 
 
The crackle colors are easy to recognize. They are just usual color names, but ending in -ish, 
as in, Green-ish or Red-ish. Since these "ish" color names are all distinct, there is never any 
question as to whether they refer to crackle or trails or tips. They always refer to crackle.  
 
Here are some examples, 
 
Red-ish Gold Comet 
Silver Tip Blue-ish Silver Chrys 
 
This second example explicitly specifies the tip color, the crackle color, and the trail color of 
the chrysanthemum, all three types of colors. 
 
Like trail colors, crackle colors even by themselves in an effect name imply the star has a 
trail. If unspecified, the color of an implied trail is the default color. So in the example, 
Green-ish Peony, the Green-ish color implies the peony stars have trails of a default color 
(gold), and the trails additionally have mixed in crackle sparks of the specified color, green-
ish. 
 
Cylinder shells 
Unless otherwise indicated, a shell in VDL is assumed to be a ball shell. You can change the 
construction to cylinder by adding the term Cylinder to the description, as in Red Peony 
Cylinder Shell. Multi-break cylinder shells employ the plus sign (+) in the effect name to 
separate the breaks, as in Red Peony + White Peony + Blue Peony + Bottom Shot 
Cylinder Shell. 
 
Syntax for mines 
The syntax for mines rests on the basic structure of “with-clauses” and to-phrases described 
above (Structure of an effect name). By the rules of effect types, the term Mine or a synonym 
must be in the first clause, but if the clause breaks down into multiple to-phrases, the Mine 



410 

term can be in any one of the phrases. The following two writing styles mean exactly the 
same thing: 
 
Red Mine To Blue 
Red To Blue Mine 
 
If the mine has additional “with-clauses,” they describe additional types of stars that are 
included in the payload of the mine. You could describe a mine with three colors of stars as 
either, 
 
Red & White & Blue Mine 
or, 
Red Mine w/ White w/ Blue 
 
The first syntax is simpler if all you need is multiple colors, but the second syntax supports 
the inclusion of stars with transitions that cannot be expressed in the first syntax, such as, 
 
Red Mine w/ White To Blue 
 
which represents a mine with two kind of stars: red stars, and color changing stars that 
change from white to blue. 
 
Mines that lift shells 
VDL provides two ways to describe a mine that lifts shells, starting with the mine part or 
starting with the shell part.  For example: 
 
Mine To Willow 
Willow w/ Mine 

 
both describe the same thing, but with a different emphasis. According to the rules governing 
the basic effect types, the first example is nominally a mine, and the second is a shell. For 
purpose of teasing apart the mine part from the shell part, the rules are: 
 

1. If the description contains the term Mine or a synonym (Bouquet) after With, then the 
mine part begins just after the last With before the Mine, and the shell part includes 
everything to the left of the With. 

2. If the description contains the term Mine or a synonym, and contains To, and contains 
a term after the To that provisionally or definitively implies a petal (Crossette, Ring, 
Peony, Brocade, etc.) or is Salute or Aerial, then the mine part includes everything 
before the last such To, and the shell part includes everything after. 

3. If the description contains the term Mine or a synonym, and contains With, and 
contains a term after the With that definitively implies a petal (Ring, Horsetail, 
etc.), or provisionally implies a petal and is not aerially ambiguous (Peony, Brocade, 
etc.), or is Salute or Aerial, then the mine part includes everything before the last 
such With, and the shell part includes everything after. 

 
Illustrating these rules, the following examples combine mines and aerial shells: 
 
Red Mine To Willow 
Mine To Salute 
Blue Mine To Aerial Red 
Blue Mine w/ Aerial Crossette 
Blue Mine w/ Red Peony 
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whereas these examples are mines with color changing stars or report, or with other stars or 
inserts mixed in, but no aerial shells: 
 
Red Mine To Gold 
Mine To Report 
Blue Mine To Red 
Blue Mine w/ Red 
Blue Mine w/ Crossette 
 
To represent a mine with stars that transition from red to Willow-like stars (no aerial shells 
involved), you can write, 
 
Red To Willow Mine 
 
which is the same as the first example above except that the Mine is moved to the end. The 
syntax <descriptionX> To <descriptionY> Mine is preferable to <descriptionX> Mine 
To <descriptionY> if you are describing a mine with transitioning stars because it cannot 
be confused with a “mine plus aerial” description. 
 
When effect names combine mines and shells, any With clauses in the name refer to the part 
of the effect to their immediate left. The following more complex examples illustrate these 
concepts: 
 
Red To Yellow Peony w/ Gold Tail w/ Blue To Green Mine 
Blue To Green Mine To Aerial Red To Yellow Peony w/ Gold Tail 
 
Mines that lift bombettes 
Mines that lift bombettes, or small shells, have the exact same syntax requirements as mines 
that lift individual shells, except an additional term describes the number of shells, as in: 
 
Red Mine To Four Times Blue Peony 
Red Mine To Four Times Blue Bombette 
 
which mean the same thing.  If the N-times term is missing, then the mine is interpreted to be 
lifting a single shell. 
 
Layered mines 
As described above, the syntax for mines can incorporate mixtures of multiple star types 
using the ampersand (&) for colors or “with-clauses” for colors or more complex star 
descriptions. If a mine includes multiple types of stars in layers, the syntax can express the 
additional layers using additional “with-clauses” and the term Above, as in: 
 
Red Mine w/ Blue Above 
Red Mine w/ White Above w/ Blue Above 
 
without the Above term, these two descriptions would represent mines with mixtures of red 
and blue stars, and red, white, and blue stars. 
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Syntax for rising effects 
The rising category consists of independent rising effects that are not attached to shells, such 
as comets, inserts shot from cakes or candles (Tourbillions, Whirls, etc.), stars with no 
sparks (Pearl, or Red Tail) and stars with trails of sparks (Brocade Tail or just Tail). 
 
Many terms used for rising effects have multiple meanings. The term Comet, by itself, 
implies a rising star with a bushy trail of sparks or a voluminous flame envelope, but used in 
conjunction with other terms, as in Comet Shell, the implied spark and flame characteristics 
apply to the stars in an aerial shell. Similarly, the terms Pearl or Tail, which also imply a 
rising star, have additional meaning for the stars.  Unless otherwise indicated, a Pearl is star 
with a flame envelope and no trail of sparks, whereas a Tail is a star with a trail of sparks 
and no flame envelope. When you choose a term to use for a rising effect name, pay attention 
to the additional meanings of the term. If you want to indicate a rising effect without applying 
any additional meaning, simply use the term Rising. 
 
Some examples of (independent) rising effects are, 
 
Tail 
Brocade Tail 
Brocade Tail To Report 
 
Substituting Pearl or Comet or Rising for Tail in these examples will also define a rising 
effect. The term Report to VDL means an explosive charge inside a star or insert. The term 
Salute to VDL means an explosive charge in an aerial shell. Thus Brocade Tail To 
Report is an independent rising effect, whereas Brocade Tail To Salute is an aerial shell 
with an attached rising effect. 
 
Descriptions that begin with Rising <descriptionX> To <descriptionY> or 
<descriptionX> Tail To <descriptionY> describe rising effects unless <descriptionY> 
provisionally or definitively implies a petal or salute (see the section Differentiating 
independent rising effects from aerial shells, above).  Thus, 
 
Red Tail To Blue 
Red Tail To Crackling 
Red Tail To Report 
 
are all independent rising effects, whereas, 
 
Red Tail To Brocade 
Red Tail To Ring 
Red Tail To Salute 
 
are all aerial shells with attached rising effects (red tails). 
 
In the context of cakes and candles, the terms Crossette (a splitting star) and Tourbillions 
(an insert) will refer by default to independent rising effects, though they can also refer to 
aerial shells by the same name if so indicated. Repeating some examples from the shells 
section: 
 
Crossette (aerial shell) 
Crossette Cake (cake of crossette stars) 
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Gold Comet Crossette Cake (cake of crossette stars with bushy trails of sparks) 
Aerial Crossette Cake (cake of crossette shells) 
   
An alternate way of writing an independent rising effect uses the term Rising instead of the 
term Tail, e.g, 
 
Rising 
Rising Brocade 
Rising Brocade To Report 
 
Syntax for fountains 
The fountains effect type includes consumer fountains in addition to gerbs and jets and 
professional effects. The syntax for simple fountains is:   
 
Gold Fountain 
Silver Jet 
Gerb 
 
The duration and height of the fountain are part of the auxiliary specifications, as in, 
 
25mm 15’ 5s Gold Gerb 
 
Fountains with multiple types of sparks can be described in VDL using “with-clauses”: 
 
Gold Fountain w/ Red Pearls 
 
The syntax is similar to that of mines, except that the clauses and phrases refer to emitted 
particles instead of stars. Just as a Gold Mine w/ Red has gold stars with some red stars 
mixed in, a Gold Fountain w/ Red Pearls has gold fountain particles (sparks) with red 
fountain particles mixed in. The Pearls term at the end isn’t required but can be included to 
make the description easier to read. You can adjust the number of red pearl particles, and the 
number of gold fountain particles separately with the adjustment adjectives (see appendix) in 
the respective “with-clauses.” To decrease the number of red pearls while leaving the number 
of gold fountain particles the same, you could write Gold Fountain w/ Thin Flow Red 
Pearls. 
 
Fountains in VDL can include adjective phrases like Crackling or Glittering, which apply 
to fountain particles similarly to how they apply to spark trails from stars. 
 
Crackling Fountain 
 
The only difference between the syntax of fountain particles and the syntax of stars is that 
stars leave trails of sparks whereas fountain particles are sparks. If the term Tail or modifiers 
like Crackling are present in the fountain clause, then the particles in the clause are sparks 
that leave trails of more sparks; otherwise the particles are just individual sparks of any color 
including gold, silver, and chromatic colors like red and blue. Like a microscopic shell break, 
sparks may burst into tinier sparks if described with the adjective phrase Popping, as in Gold 
Popping Fountain. 
 
The same to-phrases syntax used to describe star transitions in a mine can also be used to 
describe particle transitions in a fountain. Color changing particles may not be so useful, but 
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if you are paying attention to subtle changes in the appearance sparks over their trajectories, 
you might write a VDL description with a transition like, 
 
Dim Gold To Very Bright Crackling Gold Fountain 
 
VDL was developed with display fireworks in mind, but the syntax and the ability to describe 
effect adjustments in English could be applicable to designing consumer fountain fireworks, 
with the attention of the language directed at characteristics at a fine scale. 
 
Syntax for rockets 
Rockets come with headings and without but they always have a tail from the motor, so if 
you see a description like Silver Rocket, you know that Silver must refer to the tail. If the 
rocket has a heading, it is described as a shell description, using a “with-clause” or a “to-
clause,” as in, Silver Rocket To Red Peony or Silver Rocket w/ Read Peony 
Heading. The motor size of the rocket can be specified in the auxiliary specifications as the 
inside diameter (ID).  Here is a set of examples: 
 
1” Strobe Rocket 
Red To Blue Rocket 
Silver To Gold Willow Rocket 
200m Gold Rocket To Report 
600’ Gold Rocket w/ Diadem Heading 
Bottle Rocket w/ Report 
800 Shot Saturn Missile Battery 
 
The rule for recognizing a rocket from its effect name is simple -- an effect is a rocket if and 
only if it contains the term Rocket (or a synonym like Missile) -- but parsing the rocket 
description into a tail description and a heading description has the same complexity as 
differentiating rising effects from aerial shells. Rockets require a special set of rules, followed 
in order: 
 

1. If the term Rocket is followed in order by To and Report (or Salute) before any 
With, and is not followed by more than one To, then the description to the left of To is 
the tail of the rocket, and the rocket ends in a report or salute, with no other heading. 

2. If the term Rocket is followed in order by With and Report (or Salute) before any 
To, and is not followed by more than one With, then the description to the left of With 
is the tail of the rocket, and the rocket ends in a report or salute, with no other 
heading. 

3. If the term To is present before a term that provisionally or definitively implies a petal 
(Crossette, Willow, Peony, Ring, Aerial, Heading, etc.), or Salute, prior to any 
With, then the description to the left of the last such To is the tail of the rocket, and 
the description to the right is the heading. 

4. If the term With is present before a term that provisionally or definitively implies a 
petal or Salute, then the description to the left of the first such With is the tail of the 
rocket, and the description to the right is the heading. 

5. If the term To or With is present after Rocket and is not followed by Tail or Rising, 
then the description to the left of the first such term is the tail of the rocket, and the 
description to the right is the heading.  

6. If a term is present that provisionally or definitively implies a petal or Salute, then 
the full description is the heading. 

7. Otherwise the full description is the tail. 
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The rules for parsing rocket description are different from the rules that differentiate a rising 
effect from an aerial shell description because to-phrase transitions in rockets are more likely 
to refer to the tail on the left and the heading on the right, rather than a transition that occurs 
entirely on the way up. Both are possible, but the term Tail is not required for rocket 
descriptions in circumstances that it is required for aerial effects with tails. 
 
Two of the examples above illustrate the parsing requirements of the syntax rules,  
 
Red To Blue Rocket (color changing tail; no heading) 
Silver To Gold Willow Rocket (silver tail; gold willow heading) 
 
The syntax of these two examples is very similar, but the first is a transitioning tail 
description and the second is the combination of a tail and heading description. The 
difference that separates them is that the second contains a term that implies a petal (Willow), 
whereas the first does not. 
 
A Strobe Rocket is a defined term for a rocket with that type of motor. For purpose of VDL 
syntax the strobe effect is considered a flame envelope, so “tip” colors like Red, White, and 
Blue may be used to describe the color. Additionally, you can introduce a trail of sparks to 
the strobe rocket with a trail color like Silver, as in, 
 
Blue Strobe Rocket w/ Salute Heading (blue flame) 
Silver Strobe Rocket w/ Salute Heading (silver sparks and, by default, white flame) 
Blue Silver Strobe Rocket w/ Salute Heading (silver sparks and blue flame) 
 
The easiest way to write a rocket description that is never ambiguous is just: 
 
<Tail Description> Rocket w/ <Heading Description> Heading  
 
as in, 
 
Gold Rocket w/ Willow Heading 
 
Syntax for other types of effects 
Effects that don’t fall into any of the preceding categories, and that aren’t cakes or candles, 
are classified as “other” in VDL. “Other” effects have no special syntax. Obviously the term 
that defines the effect is part of the description. Depending on the type of effect, certain 
adjectives or modifiers may apply. The auxiliary specifications, particularly for height and 
duration, are often used.  Some examples are:  
 
15’ 5s Red Flame Projector 
30s Strobe Pot 
 
Syntax for cakes and candles 
Cakes and candles consist of one or more effects of the other effect types. The basic syntax 
for this category of effects is covered in “ALL YOU NEED TO KNOW FOR CAKES”. This 
section includes more detailed syntax rules, defined defaults, and tables of applicable terms. 
 
Recall from above that cake descriptions include a set of labeled sub-effect descriptions, 
followed by sets of designated rows and firing descriptions that apply to those rows. 
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30mm 49 Shot 5s (a) Red Pearl + (b) Blue Pearl Cake 7 Rows, Z-Shape, Row 
1,3,5 (a), Row 2,4,6 (b), Row 7 (1.2/abababa/FNT) 
 
The syntax of the firing description, (a), (b), and (1.2/abababa/FNT) in the above 
example, begins optionally with a number representing the delay followed by a slash, then 
optionally continues with a caliber followed by a slash, then includes a sequence of letters 
identifying the effects (required), then optionally continues with a slash followed by a firing 
pattern name, then optionally continues with a slash followed by the duration number, then 
optionally continues with an asterisk.  
 
Using square brackets to indicate the optional terms, the syntax is: 
 
[number /] [caliber /] tubeLabels [/ pattern] [/ number] [*] 

 
If the letters identifying the effect labels happen to spell "in" or "mm" (very unusual but 
technically possible since all individual letters are valid effect labels), then either the delay or 
caliber must also be supplied if the duration is supplied. The letters identifying effects are 
usually patterns like "abcde" or "ababa" or "ccccc" so this exception rarely applies. 
 
In VDL, all parentheses and punctuation (comma and dash) are optional, even in cake 
descriptions. It is customary to put tube labels and firing descriptions in parentheses, but not 
required.  
 
Setting the number of rows, and number of tubes per row 
If the number of rows isn't explicitly specified, then a default of 1 row is implied if the effect 
has 12 or fewer shots; otherwise a default is calculated based on the square root of the 
number of shots. The exception to this rule is that the firing patterns W-Shape and V-Shape 
imply a default number of tubes per row of 3 and 2, respectively. If you specify a different 
number of tubes per row for those two firing patterns, the angles are doubled or tripled up. 
 
If the number of rows evenly divides the number of shots, then the default tubes per row is 
simply the quotient: number of shots / number of rows. Otherwise the default number of tubes 
for all rows except the last is the quotient rounded up, and the final row is the remainder, or a 
single tube if the remainder is negative or zero. If the default isn't right, you can set the tubes 
per row explicitly in the firing descriptions based on the number of tube labels, as the 
following example and corresponding tube diagram illustrate (rows drawn vertically): 
 
10 Shot Peony Cake 3 Rows, Row 1 (aaa), Row 2 (aaaa/STL), Row 3 (aaa) 
 
If the firing description includes more than one tube label, then the number of tube labels 
defines the number of tubes in that row, overriding the default (3, 4, 3 in the above example). 
If the firing description doesn't include a firing pattern for the cake as a whole (W-Shape, 
Zipper, etc.), as the example above does not, then the default firing pattern of Up-
Sequence (STR) applies. As indicated in the table below the STR firing pattern is ignited on the 
left end, making the sequence move to the right.  In reality, the center row of this example 
would be ignited on the right so that the fuse would run conveniently zigzag through the 
rows. The firing keyword STL in the firing description for row 2, above, changes the firing 
order to right to left. Thus the tubes are ignited in the order of the numbers in the diagram. 
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(front of cake)  (back of cake) 
Figure 1 - Ignition order of tubes 

 

 
Setting the tubes’ effects 
The effect labels in the firing description specify the effects in the row’s tubes, beginning 
with the left-most tube. If the firing description has a single label, then the label applies to all 
tubes in the row. The order of the tube labels in the firing description is unaffected by which 
end of the row is ignited first. Thus if the left end of the row is ignited first, then the first 
effect in the specification is the first to go; if the right end of the row is ignited first, then the 
first effect in the specification is the last to go. The letters in the row description for the 
middle row of the example above would be applied to the tubes numbered 7, 6, 5, 4, left to 
right, just as the first row’s letters would be applied 1, 2, 3. 
 
Setting the firing pattern and tube angles 
As discussed earlier, the firing pattern indicates the firing order and angles of the tubes in the 
row. By default, a cake effect description with no firing pattern specified will have an Up-
Sequence firing pattern, abbreviated STR, which means all the tubes are aiming up and they 
are fired in sequence, left to right. The three letter firing pattern keywords are modeled after 
terms in Vulcan's modular cake specifications. Vulcan and other vendors can use the same 
term for Up-Sequence and Up-Reverse because they are the same product except for one is 
rotated around 180 degrees (Vulcan uses STW). However, to fully specify a cake the 
orientation of the rows obviously matters, so distinctions like STL versus STR are required in 
VDL. 
 
The appendices include an exhaustive list of the firing keywords that can be included in 
the firing description. They are organized in groups of similar tube arrangements. Notice that 
the first three rows in the table are sequential left-to-right (ignited on the left), sequential 
right-to-left (ignited on the right) and all together (ignited either side). The last letter in the 
keyword, R, L, T is an indication of which end is ignited. 
The table below shows the list of additional firing terms that specify default firing patterns 
for all the rows, but that cannot be included within the firing description of any single row. 
Some of these firing keywords like Zipper or X-Shape apply different defaults to the odd 
and even rows. 
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Table 5 - Firing terms usable in effect body 
X-Shape Alternating CTO and OTC  Z-Shape Alternating FNR and FNL 
C-Shape FNT for all rows W-Shape TRI for all rows 
V-Shape VST for all rows R-Shape Same as X-Shape 
Zipper Same as Z-Shape Peacock Same as X-Shape 
Bookend BLT for all rows Angle ALR for all rows 
Wipe FNR for all rows Fan FNT for all rows 
 
Adjusting the timing for each row 
You can specify the delays or durations of the rows explicitly, or you can use the default 
times based on the overall effect duration. It is often easier to begin with the defaults and 
adjust the times of specific rows to suit. The default delays are calculated such that all of the 
non-zero delays between firing events are the same. Thus if all the tubes were aiming up and 
had the same effect, you couldn't tell from the visual appearance how many rows the cake 
had. If you want to increase the delay between the rows such that the rows fire in 
recognizable flights, simply specify the delay times in the fronts of the Firing Descriptions. 
 
The asterisk symbol in a row description indicates the row fires in parallel with the previous 
row, which applies to cakes constructed with multiple rows firing together. A V-shaped cake 
could be constructed with 4 rows of 10 tubes angled in the same direction, as in, 
 
40 Shot (a) Red Pearl + (b) Blue Pearl Cake 4 Rows, Row 1,3 (a/ARL), Row 
2,4 (b/ALL*) 
 
The same visual appearance would be produced by a cake with 20 rows of 2 tubes per row in 
opposing angles: 
 
40 Shot Red Pearl + Blue Pearl Cake V-Shape 
 
This second description is particularly short because the V-Shape firing pattern description 
applies to the entire cake and implies by default that rows have two tubes per row. In the 
absence of firing descriptions, the tubes are assigned effects sequentially in the order in 
which they are defined. For this V-shaped cake, the two tubes in each row are the red and 
blue pearls, obviously, so the default effect assignment suffices. In the absence of Firing 
Descriptions, there is no need for the (a) and (b) labels on the components. 
 
 

SUMMARY 
 
The VDL (Visual Description Language) specification has arisen from a wide study of 
pyrotechnic effect names used in the industry, and from the needs of display professionals to 
create visual simulations of the effects they use. The specification is both a practical solution 
to a real problem, and an opportunity for manufacturers to increase the marketability of their 
products.   
 
The rules that programmers need to understand to implement VDL interpreters are 
complicated, but in exchange for that, the rules that manufacturers, distributors, and display 
professionals need to understand to reap the initial benefits of VDL are relatively simple.   
Beyond the initial benefits, companies interested in producing the highest quality simulations 
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for the products in their catalogs can fine tune their VDL descriptions with the techniques 
described in the expert section.   
 
In the coming year, we hope to see more product catalogs from manufacturers and 
distributors include a “VDL description” field that will enable their customers to generate 
visual simulations of their effects effortlessly. Several VDL-based software tools and 
websites are already under development, and we hope the data interchange possibilities from 
VDL lead to a future in which software technologies from multiple vendors provide 
significant benefits. 
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APPENDIX A: AUXILIARY SPECIFICATIONS 
 
Auxiliary specifications like the prefire time, effect height, and cake duration are sometimes more 
important than the description of the effect itself, so the VDL standard for writing auxiliary specifications 
can be valuable on its own. The table below lists the specification types and their syntax. 
 

Table 6 - Auxiliary specifications 
Auxiliary specifications 

Specification Example Definition 
Caliber 2.5" or 30mm For cakes or candles, the inside diameter of the tube unless otherwise 

indicated on a per-row basis of cakes. For shells, the diameter of the 
shell. For other items, the tube size or equivalent most representative 
of the size of the effect, if applicable. 

Number of 
shots 

49 Shots For cakes and candles, the number of tubes or balls. 

Duration 30s For cakes, candles and chains, the time delta between the first and last 
effect ignition. For fountains, flames, or other continuous effects, the 
visual duration of the effect. For all other effects, including aerial 
shells, VDL does not ascribe any meaning to the duration term, 
allowing you to give it your own meaning for these effects, such as 
the duration of the stars. If you want to adjust the duration of the stars 
or sparks in an aerial shell based on VDL, use the effect adjustment 
adjectives like "long" or "long trail". 

Height 150' or 30m The maximum height of the effect, i.e., the break for aerial shells, or 
the maximum height of the stars or particles for mines or fountains. 
With respect to cakes, the cake's height applies to all effects within the 
cake. 

Angle 25 Degree The full spread, in degrees, between the left-most and right-most 
aiming tubes in a cake. 

Prefire time 2.2s PFT The script time delta between the firing system's ignition of the effect 
and the designated visual impact of the effect (also called the "display 
time" or "view time" or "effect time").  Additionally, for cakes and 
candles the prefire time specifies the time between the ignition of the 
cake or candle itself and the ignition of its first effect (thereby 
implying that the "display time" of a cake or candle ''is'' the ignition of 
its first effect). For independent aerial shells, the prefire specifies the 
break time of the shell, but only if the prefire is non-zero.  For 
independent non-aerial effects (comets, mines, fountains, etc.) and for 
effects inside cakes or candles or chains, the prefire does not specify 
anything about the break times or durations.    

Chain length Chain of 10 Indicates a pre-defined chain of N effects, equally spaced over the 
specified duration if indicated, otherwise firing together as if 
connected by quickmatch. VDL syntax cannot represent chains that 
contain cakes, candles, or continuous effects like fountains, though 
scripting programs may support ad-hoc chains of individual effects 
connected together by fuse. 

Combined 
effects 

Red Peony + 
Blue Peony 
Peanut Shell 

Cakes, candles, chains, peanut shells and cylinder shells can all 
contain multiple effect definitions, separated by the plus sign (+). The 
plus sign in VDL is not the same thing as ampersand. The plus sign 
combines multiple effects; the ampersand combines multiple colors in 
the same effect. 

 
Combining all these elements together, you can write a fully specified effect name like, 
 
50mm 25 Shot 30s 100' Rainbow Mine Cake (0.2s PFT, 25 Degree) 
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APPENDIX B: EFFECT ADJUSTMENTS 
 
VDL includes a wide range of effect adjustment adjectives that allow you to specify the 
visual characteristics of the stars, sparks, breaks, and other aspects of the effects. 
 
An effect description in VDL can include multiple effect adjustments. For example, you 
could combine two adjustments together to fine tune the break of an effect: 
 
3" Big Sparse Chrys 
 
Or you could combine two other adjustments to fine tune the stars themselves: 
 
3" Short Dim Chrys 
 
On effect descriptions that have a pistil or multiple petals, each adjustment term applies to 
only one petal, determined by the position of the term in the description. For example, here is 
a description of an effect with a large primary petal and a small pistil: 
 
6" Big Red Chrys w/ Small Blue Pistil 
 
Similarly, on effect descriptions with star transitions, the star characteristics apply to a single 
phase of the transition. Thus you can adjust the brightness of a color changing star before and 
after its transition independently, e.g., 
 
6" Bright Red To Dim Blue Crossette 
 
The available effect adjustments are listed in the tables below, organized by the part of the 
effect to which they apply. 
 

Table 7 - Break and fountain flow adjustments 
Break and fountain flow adjustments 

 
Adjustment 
 

Least     Greatest 

Size of petal 
 

Very small Small Slightly small Slightly big Big Very big** 

Width of mine 
or fountain 

Very narrow Narrow Slightly 
narrow 

Slightly wide Wide Very wide 

Stars in shell 
or mine 

Very sparse Sparse Slightly sparse Slightly dense Dense Very dense 

Flow rate of 
fountain 

Very thin flow Thin flow Slightly thin 
flow 

Slightly thick 
flow 

Thick flow Very thick 
flow 

Particle speed 
at apogee* 

   Slightly quick Quick Very quick 

* The apogee is the maximum height of the effect, as specified in the VDL description. The speed at 
apogee is greater than or equal to zero. The speed at apogee of most aerial effects is zero, representing the 
apex of the trajectory, but can also be “quick” for an early break. The speed at apogee of gerb particles is 
sharply non-zero, for expiring on the way up. The speed at apogee of droopy fountains is zero, even if the 
particles expire on the way down, because the apogee represents the maximum height. 
** If you need to make an extreme adjustment beyond the level of the "Very XXX" adjectives, you can list 
adjectives multiple times for a combined effect, e.g., 3" Very Big Very Big Very Big Chrys 
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Table 8 - Star and fountain particle adjustments 
Star and fountain particle adjustments 

 
Adjustment 
 

Least     Greatest 

Duration 
 

Very short Short Slightly short Slightly long Long Very long 

Brightness 
 

Very dim Dim Slightly dim Slightly bright Bright Very bright 

Sharpness 
 

Very soft Soft Slightly soft Slightly sharp Sharp Very sharp 

Weight 
 

Very light Light Slightly light Slightly heavy Heavy Very heavy 

Speed 
variation 

Very even 
speed 

Even speed Slightly even 
speed 

Slightly varied 
speed 

Varied speed Very varied 
speed 

Duration 
variation 

Very even 
length 

Even length Slightly even 
length 

Slightly varied 
length 

Varied length Very varied 
length 

Weight 
variation 

Very even 
weight 

Even weight Slightly even 
weight 

Slightly varied 
weight 

Varied weight Very varied 
weight 

Size variation Very even size Even size Slightly even 
size 

Slightly varied 
size 

Varied size Very varied 
size 

 
Table 9 - Trail adjustments 

Trail adjustments 
 

Adjustment 
 

Least     Greatest 

Thickness Very thin trail Thin trail Slightly thin 
trail 

Slightly thick 
trail 

Thick trail Very thick 
trail 

Length Very short 
trail 

Short trail Slightly short 
trail 

Slightly long 
trail 

Long trail Very long trail 

Brightness Very dim trail Dim trail Slightly dim 
trail 

Slightly bright 
trail 

Bright trail Very bright 
trail 

Sharpness Very soft trail Soft trail Slightly soft 
trail 

Slightly sharp 
trail 

Sharp trail Very sharp 
trail 

Weight Very light trail Light trail Slightly light 
trail 

Slightly heavy 
trail 

Heavy trail Very heavy 
trail 

Emission 
speed 

Very passive 
trail 

Passive trail Slightly 
passive trail 

Slightly active 
trail 

Active trail Very active 
trail 

Inherited 
speed 

Very loose 
trail 

Loose trail Slightly loose 
trail 

Slightly tight 
trail 

Tight trail Very tight trail 

Speed 
 variation 
 

Very even 
speed trail 

Even speed 
trail 

Slightly even 
speed trail 

Slightly varied 
speed trail 

Varied speed 
trail 

Very varied 
speed trail 

Duration 
variation 

Very even 
length trail 

Even length 
trail 

Slightly even 
length trail 

Slightly varied 
length trail 

Varied length 
trail 

Very varied 
length trail 

Weight 
variation 

Very even 
weight trail 

Even weight 
trail 

Slightly even 
weight trail 

Slightly varied 
weight trail 

Varied weight 
trail 

Very varied 
weight trail 

Size variation Very even size 
trail 

Even size trail Slightly even 
size trail 

Slightly varied 
size trail 

Varied size 
trail 

Very varied 
size trail 

 
Table 10 - Smoke adjustments 

Smoke adjustments 
 

Adjustment 
 

Least     Greatest 

Density Very clean 
smoke * 

Clean smoke Slightly clean 
smoke 

Slightly dirty 
smoke 

Dirty smoke Very dirty 
smoke 

Spread Very small 
smoke 

Small smoke Slightly small 
smoke 

Slightly big 
smoke 

Big smoke Very big 
smoke 

Longevity  Very short 
smoke 

Short smoke Slightly short 
smoke 

Slightly long 
smoke 

Long smoke Very long 
smoke 

* Use the VDL adjective Smokeless if you want no smoke at all. 
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Table 11 - Crackling trail spark adjustments 
Crackling trail spark adjustments 

 
Adjustment 
 

Least     Greatest 

Thickness Very thin 
sparks 

Thin sparks Slightly thin 
sparks 

Slightly thick 
sparks 

Thick sparks Very thick 
sparks 

Length Very short 
sparks 

Short sparks Slightly short 
sparks 

Slightly long 
sparks 

Long sparks Very long 
sparks 

Brightness Very dim 
sparks 

Dim sparks Slightly dim 
sparks 

Slightly bright 
sparks 

Bright sparks Very bright 
sparks 

Sharpness Very soft 
sparks 

Soft sparks Slightly soft 
sparks 

Slightly sharp 
sparks 

Sharp sparks Very sharp 
sparks 

Weight Very light 
sparks 

Light sparks Slightly light 
sparks 

Slightly heavy 
sparks 

Heavy sparks Very heavy 
sparks 

Emission 
speed 

Very passive 
sparks 

Passive sparks Slightly 
passive sparks 

Slightly active 
sparks 

Active sparks Very active 
sparks 

Inherited 
speed 

Very loose 
sparks 

Loose sparks Slightly loose 
sparks 

Slightly tight 
sparks 

Tight sparks Very tight 
sparks 

Speed 
variation 

Very even 
speed sparks 

Even speed 
sparks 

Slightly even 
speed sparks 

Slightly varied 
speed sparks 

Varied speed 
sparks 

Very varied 
speed sparks 

Duration 
variation 

Very even 
length sparks 

Even length 
sparks 

Slightly even 
length sparks 

Slightly varied 
length sparks 

Varied length 
sparks 

Very varied 
length sparks 

Weight 
variation 

Very even 
weight sparks 

Even weight 
sparks 

Slightly even 
weight sparks 

Slightly varied 
weight sparks 

Varied weight 
sparks 

Very varied 
weight sparks 

Size variation Very even size 
sparks 

Even size 
sparks 

Slightly even 
size sparks 

Slightly varied 
size sparks 

Varied size 
sparks 

Very varied 
size sparks 

 
Table 12 - Salute and report and crackle-report adjustments 

Salute and report and crackle-report adjustments 
 

Adjustment 
 

Least     Greatest 

Flash 
brightness 

Very dim flash Dim flash Slightly dim 
flash 

Slightly bright 
flash 

Bright flash Very bright 
flash 

Flash 
sharpness  

Very soft flash Soft flash Slightly soft 
flash 

Slightly sharp 
flash 

Sharp flash Very sharp 
flash 

Flash size 
variation 

Very even size 
flash 

Even size flash Slightly even 
size flash 

Slightly varied 
size flash 

Varied size 
flash 

Very varied 
size flash 

Spread of pops 
(sparks) 

Very narrow 
pops 

Narrow pops Slightly 
narrow pops 

Slightly wide 
pops 

Wide pops Very wide 
pops 

Number of 
pops 

Very sparse 
pops 

Sparse pops Slightly sparse 
pops 

Slightly dense 
pops 

Dense pops Very dense 
pops 

Pops duration 
 

Very short 
pops 

Short pops Slightly short 
pops 

Slightly long 
pops 

Long pops Very long 
pops 

Pops 
brightness 

Very dim pops Dim pops Slightly dim 
pops 

Slightly bright 
pops 

Bright pops Very bright 
pops 

Pops sharpness 
 

Very soft pops Soft pops Slightly soft 
pops 

Slightly sharp 
pops 

Sharp pops Very sharp 
pops 

Pops weight 
 

Very light 
pops 

Light pops Slightly light 
pops 

Slightly heavy 
pops 

Heavy pops Very heavy 
pops 

Pops speed 
variation 

Very even 
speed pops 

Even speed 
pops 

Slightly even 
speed pops 

Slightly varied 
speed pops 

Varied speed 
pops 

Very varied 
speed pops 

Pops duration 
variation 

Very even 
length pops 

Even length 
pops 

Slightly even 
length pops 

Slightly varied 
length pops 

Varied length 
pops 

Very varied 
length pops 

Pops weight 
variation 

Very even 
weight pops 

Even weight 
pops 

Slightly even 
weight pops 

Slightly varied 
weight pops 

Varied weight 
pops 

Very varied 
weight pops 

Pops size 
variation 

Very even size 
pops 

Even size pops Slightly even 
size pops 

Slightly varied 
size pops 

Varied size 
pops 

Very varied 
size pops 
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APPENDIX C: FIRING KEYWORDS 
 

Table 13 - Firing keywords 
Firing keywords 

Term  Pattern Timing Description End Ignited Alias 

STR |||  Sequential Up-Sequence Left STW 

STL |||  Sequential Up-Reverse Right  

STT |||  All-At-Once Up-Together Undefined  

ALR \\\  Sequential Left-Sequence Left AGW 

ALL \\\  Sequential Left-Reverse Right  

ALT \\\  All-At-Once Left-Together Undefined AGT 

ARR ///  Sequential Right-Reverse Left  

ARL ///  Sequential Right-Sequence Right  

ART ///  All-At-Once Right-Together Undefined  

FNR \|/  Sequential Fan-Right Left FNW 

FNL \|/  Sequential Fan-Left Right  

FNT \|/  All-At-Once Fan Undefined ATF 

BLR \|  Sequential Stand-Right Left BKW 

BLL \|  Sequential Fall-Left Right  

BLT \|  All-At-Once Left-Bookend Undefined BKT 

BRR |/  Sequential Fall-Right Left  

BRL |/  Sequential Stand-left Right  

BRT |/  All-At-Once Right-Bookend Undefined  

CTO \|/  Sequential Center-Out Center CRN 

OTC \|/  Sequential Outside-In Left And Right  

TRI \|/  All-At-Once W-Shape * Undefined  

TRX \|/  All-At-Once W-Shape * Undefined  

VST \/  All-At-Once V-Shape * Undefined  
* The description TRI in the body of the effect name will also imply three tubes per row as a 
default. TRX is the same as TRI except when the number of tubes in a row is not divisible by 3: TRI adds 
the remainder as straight tubes; TRX adds the remainder as angle tubes. For example, TRI of 11 tube rows 
has the pattern 3-5-3, whereas TRX has the pattern 4-3-4. The description VST will imply two tubes per 
row as a default. 
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ABSTRACT 
 
Shells and other fireworks that contain metal particles are potentially more susceptible to the 
effects of electric and magnetic fields and to Electrostatic Discharges (ESD). 
 
This paper uses metal particles in an inert material to simulate fireworks compositions and 
exposes these to the electric and magnetic fields to which fireworks would be exposed to in 
passing under high voltage transmission lines. During the test the material was monitored for 
heating or electrical breakdown.  
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TESTS AT LEVELS GENERATED BY HIGH VOLTAGE TRANSMISSION LINES 
 

It is clear that many roads around the world are spanned by power lines and that fireworks are 
transported under them with no known adverse effect.  However a number of variables exist 
and these are:  
 

a) The height of the power lines above the road and this varies with temperature. 
b) The power rating of lines is increasing with new lines, which also increases the 

electromagnetic field from the line. 
c) In addition, as the electric field (E) from the line is effectively shielded by a vehicle 

with a conductive (metal) trailer any fireworks contained within are not exposed to 
the electric field. If the container is not metal then the fireworks are exposed to the 
fields. 
 

When shells contain metal particles the following two effects may occur. 
 

a) Due to the high electric field, the field gradient across the particles may result in 
breakdown and sparking. 

b) Due to the high magnetic field (H), eddy currents will be set up in the metal 
particles and when this current is high enough, heating may occur. 

 
The magnitude of an electric field is described in V/m and a magnetic field in A/m. For a 
single wire over ground the electric field is the voltage on the wire divided by the height 
above ground. Thus for a wire 10 m above ground and at 100 kV the electric field is 10 
kV/m. Due the number of vertical phases in a typical high voltage transmission line the 
calculation of the electric field under the line is more complex with an example provided in 
Reference 2. 
 
The magnetic field is generated as closed loops unlike the electric field which starts on one 
conductor and ends on a second. With a long conductor the magnetic field close to the 
conductor varies sinusoidally at any point down the length of the line due to the 50/60 Hz 
current. However the maximum E field achieved during the variation is the same at any point 
down the length of the line. 
 
The magnitude of the magnetic field depends on the distance from the wire and the current 
flowing on the wire. As the field forms a loop the magnitude per unit length is a function of 
the circumference of the loop and equals, I/2πr, where: 
 
  I is the current in Amperes 
  r is the distance in metres from the conductor 
 
For example with 10,000 A flowing on the wire at a distance of 10 m, the circumference is 
62.8 m and the magnetic field is 10000 A/62.8 m = 159.24 A/m.  
 
When a number of current-carrying wires exist, the calculation is more complex and an 
example is again provided in Reference 2. 
 
This paper describes experiments in which the dummy shell was exposed to the electric and 
magnetic fields which were predicted in Reference 2 from a worst case 500 kV, 3000 MW 
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three-phase line with three subconductors per phase. In addition the fields reported by electric 
power corporations under transmission lines were used when these were higher. 
 
The magnitude of the magnetic field close to a power line depends on the distance, the 
current flow and conductor configuration. In Reference 2 the average for 138 kV, 230 kV, 
and 500 kV lines is provided at 0 m, 10 m, 20 m, 30 m, and 40 m from the line. These values 
are for average power loads and average tower heights. For the 500 kV line the average 
magnitude is 81 mG (6.43 A/m) at 0 m, 72 mG (5.71 A/m) at 10 m, 51 mG (4.04 A/m) at 20 
m, 33 mG (2.6 A/m) at 30 m and 21 mG (1.7 A/m) at 40 m. In Reference 3 the maximum 
magnetic field under a 275 kV or 400 kV line is quoted as 100 μTesla (997 mG, 79.4 A/m) 
with a typical field of 10 μT (99.7 mG, 7.94 A/m). 
 
Although the Gauss is strictly a measurement of the magnetic flux density when the field in 
air is considered, the permeability of air is a constant and so a simple conversion can be made 
between Gauss, Tesla or A/m. Then from Reference 3 the maximum field directly under the 
line is 100 μT = 79.3 A/m = 10 Gauss. 
 
For a worst case (highest magnetic field) some distance from the line, Reference 2   examined 
a 500 kV 3000 MW three phase line with three subconductors per phase.  Based on corona 
considerations the distance between these subconductors is 17 m and we have assumed the 
same distance between phases. Due to sag the lines come closest to the ground half way 
between spans.  In a typical case this height is 9 m. 
 
The maximum electric field based on the 500 kV, 3000 MW line is calculated at 6.2 kV/m 
and from Reference 3, it is 11 kV/m. 
 
To measure the effect of the electromagnetic wave on shells, a magnetic field and an electric 
field were generated with the E field 482 times the magnitude of the H field and at 90 degrees 
to each other.  Figure 1 is a photograph showing the solenoid used to generate the H field and 
Figure 2, shows the parallel plates of the E field generator. 
 
A high voltage generator was used to develop the voltage which was applied to the plates to 
develop the electric field. Likewise a high current generator was used to drive the solenoid 
and develop the magnetic field. The tests were performed at a frequency of both 50 Hz and 
60 Hz. As shells may be easily shielded against the electric field and the solenoid would be 
such an effective shield, initial testing was with only the electric field applied to the plates 
and with the solenoid removed. The tests were then repeated with only the magnetic field 
applied.   
 
The magnetic field and electric field generated are listed in Table 1. 
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Figure 1 - H field solenoid and generator 

 

 
Figure 2 - E field Parallel plates and generator 
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Figure 3 shows the connection of the generator and solenoid and the connection of the 
generator and the plates. 
 

Voltmeter

Varible output 
50/60Hz 
generator

step down 
transformer

R Solenoid

Magnetic field generator

V Voltmeter

Varible output 
50/60Hz 
generator

V

step up transformer

Electric Field Generator

high
voltage
probe

parallel plates

 
 

Figure 3 - Connection of the solenoid and plates to the generator 
 
 
 

Table 1 - The magnitude of the electric (E) field and magnetic (H) fields generated 
 

E field (V/m) 
 

H field (A/m) 
11,000* 11.5 
38,600 46 
45,000 79.2* 
260,000 553 

* Maximum predicted levels 
 
The outer casing of a shell was used to contain the inert material mixed with different types 
of metal particles (flakes and powder) typically used in the manufacture of fireworks. The 
inert material was either sawdust or washing powder which were recommended by D. John 
Witherspoon, President and CEO of HFI Pyrotechnics, Prescott, Ontario, Canada, as a 
suitable substitute for the typical explosive compositions. D. John Witherspoon also kindly 
provided the metal powders. 
 
The mixes of inert material and metal are listed in Table 2. 
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Table 2 - Material under test 
Mixes tested 

45% sawdust 27.5% coarse aluminum flake and 27.5% magnalium 
75% sawdust 25% cast iron grit 

50% washing powder 50% coarse aluminum flake 
50% washing powder 50% fine aluminum powder 

75% sawdust 25% coarse aluminum flake 
50% sawdust 50% magnesium 

 
Magnesium is an explosive hazard and with enough energy applied will react with the 
oxygen in the air. For this reason the testing was performed out of doors with suitable 
personnel and fire precautions. 
 
During testing with the H field applied, a laser temperature monitor was used to monitor the 
temperature of the material under test. During application of the electric field, a microphone 
was placed on the polycarbonate cover, over the parallel plate injection jig, to detect a 
breakdown audibly. In addition the material was viewed in the dark to detect any sparks. 
 
 

CONCLUSION 
 
Despite the overtest no increase in temperature or sparking was detected and the conclusion is 
that shells with metal particles are immune to the E and H fields generated by power lines. 
 
 

REFERENCES AND SOURCE MATERIAL 
 

1. Weston D. A., Susceptibility of Electric Matches/Electrical Igniters to ESD and Lightning 
and Susceptibility of Electric Matches/Electrical Igniters also to Electromagnetic Fields and 
Magnetic Fields, Proceedings of the 10th International Symposium on Fireworks, Montreal, 
Canada, 2007 
 
2. Weston D. A., Potential Danger in Placing Firework Storage Buildings and in Firework 
Transportation, Close to AC Power Transmission Lines, Proceedings of the 
13th International Symposium on fireworks, Malta, 2012 
 
3. Understanding Electric and Magnetic Fields, BC Transmission Corporation at 
www.BCTC.com 
 
4. Electric and Magnetic Fields, National Grid EMF Overhead power lines 
www.EMFS.info 
 
5. Electric and Magnetic Fields Exposure Limits. Hydro Quebec web site, 
http://www.hydroquebec.com/sustainable-development/champs/limites-exposition.html 
 
6. Contestabile, E., Roger L. Schneider, Steve Coman, Mutually Hazardous Sites, 
Proceedings of the 9th International Symposium on Fireworks, Portugal, 2010 
 
 
 



432 

 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 

A SURVEY OF THE SOURCES OF PYROTECHNIC 
CHEMICALS IN CHINA 

 

Andrew Tang 
Tian Cheng pyrotechnics Laboratory 

CHINA 
 

Roger L. Schneider 
Rho Sigma Associates, Inc. 

USA 

15th International Symposium on Fireworks 
Symposium International sur les Feux D'artifice 

 
September 21-27, 2015 

le 21 au 27 septembre 2015 
 

Bordeaux, France 
 



434 

A SURVEY OF THE SOURCES OF PYROTECHNIC CHEMICALS IN CHINA 
 
 

Andrew Tang 
Tian Cheng pyrotechnics Laboratory 

Liuyang, China 
atang@tcpyrolab.org 

 
Roger L. Schneider 

Rho Sigma Associates, Inc. 
Whitefish Bay, WI  USA 

rls@rhosigmass.com 
 
 
 

ABSTRACT 
 
The manufacture of fireworks worldwide is dependent upon the availability of chemicals with 
appropriate chemical and physical properties and consistent quality. The Chinese fireworks 
manufacturing industry, clearly the largest internationally, relies upon both domestically 
produced and imported chemicals to meet its substantial demand. 
 
Reported herein are the results of a survey of Chinese fireworks manufacturers concerning 
their approaches to the acquisition and quality control of pyrotechnic chemicals. Also 
reported are chemical analyses of samples of pyrotechnic metal powders of magnalium, 
aluminum, a mixed metal, and titanium, and samples of charcoal. A case in which 
magnesium was detected as a trace component in a titanium powder is described to 
demonstrate the importance to fireworks manufacturers of knowledge regarding the details of 
the method(s) of synthesis, production and processing of pyrotechnic chemicals.   
 
 
 
KEYWORDS: pyrotechnic raw materials, chemicals, China 
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INTRODUCTION 
 
The pyrotechnic compositions in fireworks articles are in most cases mixtures of 
commercially available, industrial grade chemicals. These chemicals are generally assigned 
to groups by function, such as oxidizers, fuels, coloring agents, and additives which impart 
desired physical and performance characteristics. These chemicals serve to create the viable 
pyrotechnic compositions which upon decomposition produce the lights, sounds (explosions, 
whistles and humms), smoke, propulsion, and modes of ignition characteristic of fireworks. 
 
Many chemicals are used in fireworks manufacturing, such as synthesized inorganic and 
organic compounds, elemental metals, sulfur, phosphorus, and natural products, e.g., 
charcoal1. China has a very long history of fireworks manufacture and many compositions 
used are traditional. Other compositions currently used in both consumer and display 
fireworks reflect the availability of relatively new chemicals.  
 
The supply of pyrotechnic chemicals to fireworks manufacturers in China seems to be vast, 
but it is always affected by market demand or specific needs of fireworks manufacturers. The 
chemical and physical qualities of the pyrotechnic chemicals used are important and often 
critical to the fireworks manufacturers. However, in practice many manufacturers fail to 
aggressively monitor the quality of their raw materials. 
  
Reported herein are the results of a survey of Chinese fireworks manufacturers concerning 
their approaches to the acquisition and quality control of pyrotechnic chemicals. Also 
reported are chemical analyses of samples of pyrotechnic metal powders of magnalium, 
aluminum, a mixed metal and titanium, and samples of charcoal. A case in which magnesium 
was detected as a trace component in a titanium powder is described to demonstrate the 
importance to fireworks manufacturers of knowledge regarding the details of the method(s) 
of synthesis, production and processing of pyrotechnic chemicals.   
 
 

THE SURVEY 
 
Approach 
A fundamental purpose of the survey of manufacturers was to determine what chemicals are 
being used normally and regularly in fireworks manufacturing. The American Pyrotechnic 
Association (APA) standard, APA 87-1, contains a list of approved chemicals to be used in 
consumer and display fireworks imported into the US. The list is entitled, Standard Fireworks 
Chemicals, and with the permission of the APA is provided below as Table 1. While this list 
is quite comprehensive, the decision was made to initially focus only on the most popular 
metal fuels, charcoal, and some prohibited chemicals. 
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Table 1 - Standard Fireworks Chemicals 
Chemical Typical Use 
Aluminum铝  Fuel 
Ammonium Perchlorate高氯酸铵 Oxygen Donor 
Antimony 锑 Fuel 
Antimony Sulfide 硫化锑 Fuel 
Barium Carbonate碳酸钡  Neutralizer 
Barium Nitrate硝酸钡 Oxygen Donor 
Barium Sulfate硫酸钡  Oxygen Donor 
Bismuth Oxide 氧化铋 Oxygen Donor 
Boric Acid 硼酸 Neutralizer 
Calcium Carbonate碳酸钙 Neutralizer 
Calcium Sulfate硫酸钙 Oxygen Donor 
Carbon or Charcoal 碳或木炭 Fuel 
Copper Metal 金属铜 Color Agent 
Copper Oxide 氧化铜 Oxygen Donor/Color Agent 
Copper Salts (except Copper Chlorate) 铜盐 Color Agent 
Dextrin糊精 Fuel/Binder 
Hexamethylenenetetramine (Hexamine) 六胺 Fuel 
Iron and Iron Alloys (e.g. ferrotitanium)铁和铁合金  Fuel 
Iron Oxide 氧化铁 Oxygen Donor 
Magnalium (Magnesium/Aluminum) 镁铝合金 Fuel 
Magnesium (in display fireworks and theatrical pyrotechnics only) 镁 Fuel 
Magnesium Carbonate碳酸镁 Neutralizer 
Magnesium Sulfate硫酸镁 Oxygen Donor 
Nitrocellulose (see Miscellaneous Compounds) 硝化纤维   
Nitrocellulose Based Lacquers 硝化纤维漆 Binder 
Phosphorus, Red  红磷  Fuel 
Potassium or Sodium Benzoate钾或苯酸钠 Whistle 
Potassium Bichromate (Potassium Dichromate) (not to exceed 5% of 
formulation) 重铬酸钾 Oxygen Donor 

Potassium Chlorate 氯酸钾 Oxygen Donor 
Potassium Hydrogen Phthalate氢钛酸钾  Whistle 
Potassium Nitrate硝酸钾  Oxygen Donor 
Potassium Perchlorate高氯酸钾  Oxygen Donor 
Potassium Sulfate硫酸钾 Oxygen Donor 
Silicon 硅 Fuel 
Sodium Bicarbonate (Sodium Hydrogen Carbonate) 碳酸氢钠 Neutralizer 
Sodium Nitrate硝酸钠  Oxygen Donor 
Sodium Salicylate 水杨酸钠  Whistle 
Sodium Salts (except Sodium Chlorate) 钠盐 Color Agent 
Sodium Sulphate 硫酸钠 Oxygen Donor 
Strontium Carbonate 碳酸锶 Color Agent 
Strontium Nitrate 硝酸锶  Oxygen Donor 
Strontium Salts (except Strontium Chlorate) 锶盐  Color Agent 
Strontium Sulfate 硫酸锶 Oxygen Donor 
Sulfur 硫磺  Fuel 
Titanium (particle size must not pass through a 100 mesh sieve if used in 
1.4G or 1.4S Fireworks) 钛 Fuel 
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Questionnaire 
The questionnaire was designed to make it easy for the Chinese fireworks manufacturers, and 
their chemical suppliers selected for the survey to respond to the questions concerning 
fireworks chemicals they each use or provide. Six questions with multiple choice answers 
were included in the questionnaire. The original questionnaire was written in Chinese, of 
course, and a reasonable translation to English is provided in Table 2.  
 

Table 2 – Pyrotechnic Chemicals Questionnaire 

Questionnaire on the Quality of Pyrotechnic chemicals 
      
1. What is your primary concern with the quality of the pyrotechnic chemicals you use or supply?    
 A. Contain prohibited substances B. Are mixed with sub-standard substances  
 C. Do not perform as expected  D. Have high moisture contents  
 E. Other (details)     
      
2. Which quality concern do you most COMMONLY encounter?    
 A. Contains prohibited substances B. Are mixed with sub-standard substances   
 C. Do  not perform as expected D. Have high moisture contents  
 E. Other (details)     
      
3. What methods do you use to check the quality of your pyrotechnic chemicals?    

 A. Experienced technicians evaluate the physical 
and chemical properties  

B. Performance  testing of fireworks 
compositions  

 C. Trust the supplier or manufacturer  D. Submit samples to an independent lab 
for testing  

 E. Other (details)     
      
4. Did you ever submit chemicals to an independent lab for testing?    
 A. NO     
 B. Yes (how often)      
      
5. What was the primary purpose for testing chemicals?     

 A. Customer  requests  B. Avoid using chemicals contaminated 
with sub-standard substances 

 C. Seek improvements in the quality of chemicals D. Avoid chemicals which contain  
prohibited substances  

 E. Other (details)     
      
6. What is the primary  reason for not submitting a sample to an independent lab for testing    
 A. Not necessary  B. Expense and time delays  
 C. Other (details)     
 
Interviews 
There were some fireworks manufacturers and their chemical suppliers who could not 
complete the written questionnaire and so personal interviews were instead conducted. The 
information obtained in the personal interviews was typically more comprehensive than that 
gleaned by the questionnaire, because individuals interviewed were far more at ease with the 
release of factual information and opinions. Proprietary concerns were sometimes raised. The 
interviews were all carried out during a pyrotechnic chemical exhibition in 2014 and during 
an informal meeting of the Liuyang Fireworks Manufacturers. Participants in the interviews 
were also willing to provide samples of their pyrotechnic chemicals for chemical analysis. 
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RESULTS 
 
Survey Responses 
The survey covers more than 20 fireworks manufactures and pyrotechnic chemicals suppliers 
and manufacturers. The results were compiled from the responses to the written questionnaire 
and the personal interviews. The most common responses to the questionnaire are 
summarized below, with augmentation based upon the verbal responses. 
.  
The most common responses to the questions are: 
 

Question (1): Answer B.  Chemicals mixed with sub-standard substances. 
Question (2): Answer B.  Chemicals mixed with sub-standard substances. 
Question (3): Answer B.  Performance testing of fireworks compositions. 
Question (4): Answer B.  Yes 
Question (5): Answer B.  Avoid using chemicals contaminated with sub-standard 

substances. 
Question (6):  Answer B.  Expense and time delays. 

 
The personal interviews revealed that the respondents relied upon Chinese domestic suppliers 
for their finished chemicals and raw material substances, except one fireworks manufacturer 
who stated they import titanium powder from Japan. Respondents also revealed they are 
aware of the existence of the China national requirements for chemicals used in fireworks 
manufacturing, such as the national standard, GB202112. The content of the various standards 
is not well-known nor understood by the typical fireworks technicians or laborers at 
fireworks manufacturers or the chemical suppliers.  
 
Attendant Chemical Analyses 
A few of the survey respondents showed interest in the quality of their chemicals from the 
standpoint of impurities. They provided samples for analysis by the Tian Cheng Pyrotechnic 
Laboratory (TCPL) for chemical analysis. The results of the analyses on samples of 
powdered magnalium, aluminum, mixed metals, titanium and charcoal are provided in Tables 
3 to 7. 
 

Table 3 – Elemental analysis of Magnalium powders from two sources 
Component Sample (1), (w/w%) Sample (2), (w/w%) 
Aluminum  54.2 52.4 
Magnesium  44.7 45.8 
Manganese  0.5 ND 
Iron c 0.2 0.4 
Copper  0.2 ND 
Chromium  ND 0.4 
Silicon  ND 0.3 
Titanium ND 0.1 
Others 0.2 0.6 
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Table 4 - Elemental analysis of Aluminum powders from two sources 
Component Sample (1), (w/w%) Sample (2), (w/w%) 
Aluminum  71.1 74.9 
Zinc  10.9 9.0 
Iron  7.3 4.7 
Manganese  4.5 5.2 
Copper  2.1 1.6 
Lead  1.7 2.2 
Silicon  1.6 1.8 
Others 0.8 0.6 

 
 

Table 5 – Elemental analysis of Mixed Metal powders from two sources 
Component Sample (1), (w/w%) Sample (2), (w/w%) 
Aluminum  46.1 62.0 
Zinc  20.5 2.5 
Iron  10.1 5.1 
Copper  7.3 3.0 
Lead  4.7 ND 
Chromium  4.3 2.2 
Manganese  3.9 9.0 
Tungsten  2.6 ND 
Cobalt  0.2 0.1 
Silicon  ND 7.6 
Others 0.3 8.5 

 
 

Table 6 – Elemental analysis of Titanium powders from two sources 
Component Sample (1), (w/w%) Sample (2), (w/w%)  
Titanium  91.7 88.3 
Vanadium  3.8 0.5 
Iron  1.6 4.3 
Chromium  1.3 ND 
Aluminum t 0.8 3.1 
Silicon  0.3 0.9 
Cobalt  0.3 ND 
Others 0.2 2.9 

 
 

Table 7- Elemental analysis of powdered Charcoals from two sources. 
 Includes only the elements with At. Nos. > 10 

Component Sample(1), (w/w%) Sample(2), (w/w%) 
Copper  0.3 ND 
Potassium  0.6 2.3 
Sulphur  0.2 0.2 
Iron  0.5 0.9 
Calcium  2.0 11.3 
Manganese  ND 0.1 
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The importance of contaminants in pyrotechnic chemicals 
Attesting to the importance of trace contaminants in pyrotechnic chemicals, a laboratory 
analysis conducted by the US Consumer Product Safety Commission (CPSC) resulted in a 
notice of non-compliance and a proposed ban on a novelty firework which contained metallic 
titanium as the only metal. An independent investigation of the technical basis of the 
proposed ban was undertaken and is summarized herein. 
 
The CPSC laboratory chemical analysis of the pyrotechnic effect composition in the device 
included a determination of the elements, magnesium (Mg), titanium (Ti), aluminum (Al), 
and zirconium (Zr) as well as other elements, compounds and ions of pyrotechnic 
importance. These determinations were qualitative and quantitative and were made using 
modern analytical techniques, such as the instrumental techniques of Inductively Coupled 
Plasma - Optical Emission Spectrometry (ICP-OES) and Ion Chromatography. 
 
Magnesium was detected and determined to be present in the samples analyzed at a 
concentration of less than 0.01% by weight (w/w). Because no aluminum was detected 
(below detection limits, BDL) in the composition, also using ICP-OES, it was concluded 
correctly by the analyst that the  magnesium detected could not be linked or considered to be 
present as in a magnesium-aluminum alloy (magnalium) and thus be permitted in accordance 
with regulation.  
 
Implied in the conclusions is that the magnesium detected was present as the pure metal, 
either as a metallic contaminant in the titanium metal powder, or as magnesium metal powder 
intentionally or inadvertently co-mixed with the titanium. Furthermore, if the magnesium was 
present as a powdered metal, it would then represent a violation of the applicable regulations 
because no titanium-magnesium alloy exception exists. However, there is another explanation 
for the presence of magnesium. 
 
ICP-OES is an improvement over ICP-Mass Spectrometry for the detection of elements, but 
neither instrumental technique can be used to determine the oxidation state of the element in 
the original or parent sample. The magnesium atoms in the metal are assigned an oxidation 
state of zero (0), normally written as Mg0, whereas for magnesium compounds such as 
magnesium oxide (MgO), magnesium carbonate (MgCO3), magnesium sulfate (MgSO4), or 
magnesium chloride (MgCl2), the oxidation state of the magnesium is a positive two (2+), 
written as Mg2+, the magnesium cation.  The aqueous analyte, or the substance which was 
introduced into the ICP-OES instrument, was derived by extraction of the water soluble 
components in the pyrotechnic composition, i.e., potassium and ammonium perchlorate, and 
other minor contaminant salts and oxides, and by dissolution of the water insoluble inorganic 
components, e.g., titanium metal and oxide and/or nitride, in concentrated acid (digestion). 
Any magnesium in the parent effects composition in the form of either the metal, or a salt or 
oxide would also be solubilized by these treatments. The magnesium in the ICP-OES analyte 
is in the form of the magnesium cation, Mg2+, independent of its original form in the parent 
sample. 
 
According to the fireworks manufacturer, the titanium metal present in the firework was a 
commercial grade powder obtained from a Chinese manufacturer and used as received. The 
elemental compositional analysis for this commercial grade powdered titanium was provided 
by the manufacturer and showed the following weight percentages (w/w%) for the 
metals/metalloids: Ti (99.4), Mn (<0.01), Si (0.007), Fe (0.02) and Mg (0.009). 
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The trace magnesium contamination (0.009% w/w) in this commercial grade titanium powder 
can have several sources. Because the metallic titanium was likely produced in the Kroll 
process, in which the titanium, as titanium tetrachloride (TiCl4), is reduced with molten 
metallic magnesium, residual magnesium may be in the product as either the metal, or 
possibly occluded magnesium chloride and/or oxides. The presence of manganese, iron and 
silicon in the powdered titanium also suggests that the magnesium may be present as a 
silicate introduced in the use of milling/grinding agents/materials. Suffice it to say, the trace 
concentration of magnesium, a ubiquitous element in the environment and in many metal 
processing materials, could easily be present in the commercial grade powdered titanium as 
magnesium compounds. That is, as Mg2+, rather than as Mg0.   
 
Based upon the limitations of the analytical technique employed and the titanium metallurgy, 
it was concluded in the independent investigation that the magnesium in the powdered 
titanium used in the firework composition was more likely present in the form of a 
magnesium compound, rather than as the metal. If the magnesium is not present as a metallic 
impurity in the powdered titanium, then no violation of the regulations exists.  
 
 

DISCUSSION AND CONCLUSIONS 
 
The fireworks manufacturers in China do not, in most cases, perform laboratory based quality 
assessments of their pyrotechnic chemicals using a systematic and scientific approach. 
Fireworks technicians rely heavily on work experience to evaluate and assess the quality of 
pyrotechnic chemicals typically by physical appearances and performance testing.  
 
The Liuyang Fireworks Administration Bureau carried out a market surveillance study of 
pyrotechnic chemicals in March 20153. Twenty eight manufactures of pyrotechnic chemicals 
and 8 chemical warehouses were audited, covering more than 30 different chemicals. Thirty 
eight lots were sampled for analysis. The chemicals included, potassium perchlorate, barium 
nitrate, mixed metal powder and powdered titanium. Since that initial study, pyrotechnic 
chemical manufacturers and suppliers are regularly visited by bureau agents and samples of 
product may be drawn for testing. If any sub-standard product is detected by the testing, it is 
confiscated and the owner is subject to penalties. 
 
The results of the questionnaire and the personal interviews suggest that the fireworks 
manufacturers do have great interest in their raw materials, because qualities such as purity 
affects the performance of their pyrotechnic compositions. They also appreciate the role of 
impurities in the sensitivity to ignition and storage stability of their products. Because of the 
expense and times delays inherent in laboratory analyses, the fireworks manufacturers prefer 
to use the classic method of “trial and error” to evaluate the quality of their chemicals. It is 
difficult to standardize the performance based testing, because color, light, sound outputs are 
often subjective. Also, variations in the hand-made fireworks can often result in performance 
differences and be independent of the quality of the chemicals used. It is clear the trial and 
error performance based testing does not establish a good systematic record and readily 
facilitate improvements. 
  
The chemical analyses of samples of the metals and charcoal definitely shows inconsistencies 
exist in pyrotechnic chemicals supplied and used in China. It is common for these industrial 
grade chemicals from different sources to have different compositions, purities and physical 
characteristics. Perhaps not too surprising is the fact that the fireworks manufacturers are not 
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very concerned with quality factors such as purity if the performance of their fireworks 
compositions meet expectations and is consistent. If an analysis of a chemical show the 
presence of a prohibited substance(s), such as lead [see sample (1) in Table 5], then interest is 
engendered and actions are taken to re-evaluate the incoming raw material and its source. 
 
Because the Liuyang Fireworks Administration Bureau believes improvements are warranted 
in the quality of the pyrotechnic chemicals used by the Liuyang fireworks manufacturers, 
they are considering a more aggressive role in ensuring the quality of the chemicals4. Natural 
products, such as charcoal, which is used in blackpowder and many other fireworks 
compositions represents a substantial quality control challenge, which the bureau wishes to 
undertake. Some resistance to the Bureau’s plans is voiced by free market advocates. 
Arguments are made that the suppliers of the pyrotechnic chemicals and their customers, the 
fireworks manufactures, are in the best position to determine the quality of the chemicals 
needed and the conditions under which product is provided.   
 
 

REFERENCES 
 

(1) American Pyrotechnic Association, APA Standard 87-1 2001, Table 4.3-1 Standard 
Fireworks Chemicals 

(2) China National Standards, GB20211, Titanium powders for fireworks and 
firecrackers 

(3) Huabao Weekly of Liuyang Daily Newspaper, page T03, April 9, 2015 
(4) Liuyang Fireworks Administration Bureau, Blue Book of Development of Liuyang 

fireworks industry, page 156, 2014 



 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PHENOLIC RESIN/HEXAMINE BINDING OF 
PYROTECHNIC COMPOSITIONS 

 

James C. Widmann 
Connecticut Pyrotechnic Manufacturing LLC 

USA 
 

15th International Symposium on Fireworks 
Symposium International sur les Feux D'artifice 

 
September 21-27, 2015 

le 21 au 27 septembre 2015 
 

Bordeaux, France 
 



444 

PHENOLIC RESIN/HEXAMINE BINDING OF PYROTECHNIC COMPOSITIONS 
 
 

James C. Widmann 
President 

Connecticut Pyrotechnic Manufacturing LLC 
15 Glen Rd., Sandy Hook, CT 06482 USA 

widpyro@charter.net 
www.ctpyro.com 

 
 
 

ABSTRACT 
 
The purpose of this study is to examine the use of a mixture of Phenolic Resin and Hexamine 
as a binding agent in pyrotechnic compositions. In other industries this combination is used to 
bind a range of powders and fibers. Upon the application of relatively low heat, an 
exceptionally strong bond is created and even large objects can be solidly formed in just a 
few hours. In particular, it is thought that this process could have significant benefits to the 
manufacture of large aerial comets. 
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INTRODUCTION 
 
Both Hexamethylenetetramine (Hexamine) and Phenolic Resin are common compounds in 
pyrotechnic mixtures. Hexamine has long been used as a cooking fuel for camp stoves, and 
Phenolic Resin is currently a very popular fuel for fireworks star compositions. However, in 
this study we will examine their combined use as a binder that offers unique properties to 
fireworks manufacturers. 
 
In general, industry uses Novolac-type phenolic resins like those used today in fireworks are 
mixed with hexamine to bind such items as brake linings, abrasive grinding wheels, and other 
composite materials where a very strong bond is required. Under pressure, and with the 
addition of heat, the binder flows through the particles of the substrate and creates an 
exceptional bond. Phenolic resin and hexamine form complex, three-dimensional molecular 
chains that are cured under elevated temperature. 
 
These techniques can be directly applied to the pressing of fireworks compositions. 
 
The author was first made aware of this potential by Tom Schroeder1, an industrial chemist in 
the United States. In the literature, Shidlovskiy mentions a Novolac resin known as Iditol, in 
his Third edition of Principles of Pyrotechnics, published in 1964.2 
 
Through the experience of many tests over several months, presented here is a system that 
shows great potential for quickly binding many types of pyrotechnic compositions. It is 
hoped that this information will be a starting point for further experimentation by others. 
 
 

APPROACH / METHODS 
 
In the practical manufacture of pressed items like stars or comets, standard practice calls for 
the introduction of a solvent to the binder of the composition being pressed. The solvent 
activates the binder which keeps the pressed stars together when they dry. Even though 
Shidlovskiy mentions that alcohol is a solvent for Novolac resins, several other solvents were 
examined out of curiosity. Acetone, ethylene glycol (E.G.), isopropyl alcohol (IPA), and 
automotive brake fluid (hydraulic fluid) (Brake) were tested. The samples were not heated in 
this test. 
 
Varying percentages of the binder were blended with a white glitter formula (Winokur’s 
Glitter #33) and fired from a mortar and observed. The degree of fragmentation of the 
samples was recorded and is listed in Table 1. Note that “Lift” in the table refers to the 2FA 
granulated black powder lift charge. 
 
From the results listed in Table 1, it was decided to use alcohol as the solvent in future tests. 
Specifically, denatured alcohol was chosen because of its low cost, and universal availability. 
It should be noted that these tests involved the binding properties of phenolic resin alone, as 
no hexamine was added. 
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Table 1 - Fragmentation test results for four solvents and phenolic resin (no hexamine) 
 

# Solvent Pressure 
/MPa (/kpsi) 

Mass 
/g 

Lift 
/g 

Results 

1 3.5% Brake 62 (9) 30 4 Stayed intact 
2 2.5% Brake 62 (9) 24 4 Stayed intact 
3 1.5% Brake 62 (9) 35 5.5 Fractured slightly 
4 1.0% E.G. 62 (9) 33 5.0 Fractured slightly 
5 1.0% E.G. 34 (5) 30 4.5 Stayed intact 
6 2.5% E.G. 34 (5) 28 4.5 Fractured significantly 
7 2.4% Acetone 62 (9) 30 4.5 Fractured slightly 
8 2% IPA 34 (5) 28 4.5 Stayed intact 
     +24 Hours drying time 
9 2.4% Acetone 34 (5) 30 4.8 Stayed intact 

10 4% Acetone 34 (5) 32 5.0 Fractured slightly 
11 4% IPA 62 (9) 32 5.0 Stayed intact 
12 4% IPA 34 (5) 32 5.0 Stayed intact 

 
 

DETERMING THE CORRECT PHENOLIC RESIN / HEXAMINE RATIO 
 
The author was advised that the proper ratio of hexamine to phenolic resin lies somewhere 
between 10-15%2, as used in various industrial applications. To try to determine the proper 
ratio (strength of bond) as it applies to the pyrotechnic manufacturing field, a simple drop 
hammer device was constructed as shown in Figures 1 and 2. 
 
15-g samples were prepared of a basic Black-Powder composition with 7% binder. The 
samples were pressed into cylindrical pellets 15 mm in diameter and 40 mm in length.  The 
samples were then pressed at 6.9 MPa (1000 psi) on the composition, and then heated to 
approximately 82oC (180oF). 
 

   
Figure 1 - drop hammer jig    Figure 2 - close up of sample in cradle 
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The pellets were inserted into a “cradle” and the drop hammer released at increasing heights.  
When the sample broke, the height of the drop was recorded. Although the apparatus was 
admittedly somewhat crude, the results yielded a good idea of the relative strength of the 
bonds. Table 2 lists the phenol/hex ratios and the height at which the drop hammer broke the 
samples. The height listed is the average of 4 tests per ratio sample. 
 

Table 2 - Drop hammer test of the phenol/hexamine ratios 
# Phenol 

/% 
Hexamine 

/% 
Drop Height 

/cm /in 
1 90 10 11.7 4.6 
2 92 8 11.7 4.6 
3 94 6 11.4 4.5 
4 96 4 10.2 4.0 
5 98 2 7.9 3.1 

 
From these brief tests, it appears that a ratio of at least 8% hexamine to 92% phenolic resin is 
required to achieve the strongest bond. Given that general industry standards purportedly call 
for at least 10% hexamine, a ratio of 9/1 was decided as sufficient to assure maximum 
binding strength. So, all further tests in this study were conducted with a blend of 90% 
phenolic resin and 10% hexamine. 
 
 

TEMPERATURE REQUIRED FOR CROSSLINKING OF PHENOLIC NOVOLAK 
RESIN 

 
Plenco Corporation4, a USA-based manufacturer of phenolic resins, recommends the 
application of heat at a temperature between 65oC and 104oC to get the resin to soften and 
flow.3 At these temperatures the resin moves freely through the particles of the host 
composition. Hexamine cures the resin by further linking and polymerizing the molecules to 
an infusible state. The heating chamber shown in Figure 3 was used for the curing process. 

 
Although no data on the strength of the bond achieved at different temperatures was recorded 
in this study, it was evident from the many trials performed that a minimum temperature of 
71oC and a maximum temperature of 93oC invariably produced an exceptionally strong bond. 
When the samples produced are struck firmly together in one’s hands, they produce a tone 
like fired china pottery. The surface of the pressed samples is shiny and it can barely be 
scratched with a fingernail. They are also clean to handle. 
 
At temperatures below 65oC the bond is weakened, and when struck together the sound is a 
dull thud. The surface can easily be scratched with a fingernail, and if the composition 
contains charcoal, they are messy to handle.  
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Figure 3 - Heating Chamber 

 
 

DURATION OF APPLICATION OF HEAT 
 
Resin manufacturers describe the time required for cross-linking at elevated temperatures as 
“brief”.  In the author’s experience, the time required depends on the mass and shape of the 
object being heated to its core. It is believed that once the entire pressing is at an elevated 
temperature, the cross-linking only requires a “brief” amount of time to take place. It is 
bringing the whole of the pressing up to that temperature that requires some time. In short, 
artificers should strive to have the core of the pressing at an elevated temperature for 
approximately 1 hour. 
 
Cylindrical samples that are 50 mm in diameter weighing 200 g, when heated to 82oC, 
become thoroughly cured in 90 minutes. Naturally, larger pressed comets would require more 
time and smaller units, less time. The author has cured 200 mm diameter, 10 kg comets 
overnight using these methods (Figure 4). 
 
Table 3 shows the time required at elevated temperatures to achieve complete cross-linking 
of the binder. 
   
 



449 

 
Figure 4 - 200 mm (8”) diameter torroidal comets weighing 7 kg each 

 
Table 3 - Time required at elevated heat to cure different diameter cylindrical pressings 

# Radius of cylinder 
/mm (in) 

Diameter of sample 
/mm (in) 

Cure time 
/minutes 

1 9.5  (0.375) 19   (0.75) 65 
2 15   (0.635) 30  (1.25) 90 
3 22   (0.875) 44  (1.75) 110 
4 31.5  (1.25)  63  (2.5 ) 150 
5 44.5 (1.75 )  89  (3.5 ) 180 
6 57   (2.25) 114  (4.5) 210 
7 70  (2.75) 139  (5.5) 240 
8 92 (3.625) 184 (7.25) 480 

  Notes:  Samples had a height no greater than 1.5 times the diameter.    
 
 
PRESSURE REQUIRED FOR CONSOLIDATING PHENOL/HEX BOUND COMETS 
 
The strongest bonds are obtained under considerable pressure. The amount of pressure 
depends on the area of the surface being pressed and the height of the comet. In a typical 
comet, where the height is roughly equal to the diameter, 14 MPa (2000 psi) exerted on the 
composition is a minimum value and is suitable for projectiles under 50 mm. For larger 
pressings, greater pressure is desired to fully consolidate the substrate and allow the binder to 
link more completely. Pressures up to and exceeding 34 MPa (5000 psi) on the composition, 
have been effectively employed. However, too much pressure can lead to problems such as 
cracks and faults that occur during the ejection phase of manufacture. There is also the 
condition where excess alcohol in the mix and high pressure will yield a pressing that swells 
during curing, resulting in a barrel shaped slug. 
 
In practice, the ideal pressure for a given formula is determined through testing. To obtain the 
hardest comets, the author recommends increasing the pressure until cracks are observed 
around the circumference of the comet. The, reduce the pressure until the striations disappear 
to produce the strongest, practical bond. Figure 5 shows the hydraulic press used in this 
research. 
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Figure 5 – hydraulic press used to prepare samples 

 
 

DESIGNING WORKING FORMULAS THAT EMPLOY PHENOL/HEX BINDING 
 
Phenolic resin/hexamine binding in potassium perchlorate-based compositions is quite 
simple. In formulas where red gum or shellac is the principle fuel, they can be replaced with 
phenolic resin at nearly an equal rate. Table 4 shows the relative fuel value of shellac, red 
gum, and phenolic resin from personal communication with Michael S. Swisher5. 
 

Table 4 - Fuel value of common pyrotechnic fuels 
Fuel Amount consumed 

/g 
Oxygen 
/g 

Shellac 0.44 1 
Red Gum 0.48 1 
Phenolic Resin 0.42 1 

 
The formula shown in Table 5 is a typical Phenol/hex bound red. This burns fiercely and 
cleanly with good color. This formula illustrates how phenolic resin can serve as both a fuel 
and the binder in pyrotechnic compositions. 
 

Table 5 - Phenol/Hex bound red star 
Composition Parts 
SrNO3 53 
Mg/Al 200-325 18 
Chlorinated Rubber 16 
Phenol/Hex 13 
Alcohol +4.5 

 
Formulas bound with Phenol/Hex that employ potassium nitrate as the oxidizer present 
specific challenges to fireworks artificers. The resin retards the Glitter effect when used in 
many of the common formulas found in Winokur’s treatise. It has been the author’s 
observation that while the initial spark trail is similar, the delay flashes are diminished. 
However, there may be useful and novel spark effects produced that add to the range 
available to pyrotechnists. 
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Phenol/Hex binding can be used very successfully in so-called “Flitter” effects that are 
essentially black powder-type compositions with added metal(s).  But there are limits here as 
well, in that too much charcoal in the mixture can cause the star or comet to produce a hot 
cinder that may present a fallout danger. A simple mixture of black powder and any number 
of metal types will produce an excellent effect, but the burn rate is often faster than desired. 
Magnesium carbonate was found to be an effective retardant, and in the right percentage does 
not create excessive fallout. 
 
It was decided to pursue a combination of Potassium Nitrate (KNO3), Charcoal, Sulfur, 
Phenol/Hex, Titanium, and Magnesium Carbonate. The objective was to produce a relatively 
inexpensive formula that burns cleanly with an acceptable level of fallout/dross, that 
produces a long lasting effect in the sky, i.e. a long “tail”.  
 
Expectations of formulations/design criteria: 

1) Percentage of phenol/hex binder = 9% or greater 
2) Relatively slow burn rate 
3) Minimal dross and ash 
4)  Superior workability 
5) Takes fire easily 

 
The twelve formulae listed in Table 6 were tested. 
 

Table 6 - KNO3 based star formulas with Phenol/Hex binding 
 1 2 3 4 5 6 7 8 9 10 11 12 
KnO3 52.9 52.4 48.4 53.5 53.2 53.2 52.5 55.1 53.9 53 53.5 50.8 
C 7.1 7.0 9.7 7.1 8.5 9.2 10.5 11.0 10.8 8 10.7 20.3 
S 10.6 14.0 9.7 14.3 14.0 14.2 14.0 11.0 12.2 13 10.7 6.2 
Metal 10.6 10.6 9.7 10.7 10.8 10.6 10.5 11.0 10.8 11 10.7 13.5 
Phenol/Hex 8.2 9.2 12.8 9.4 9.2 9.3 9.0 9.6 9.3 10 10.0 9.2 
MgCO3 10.6 6.8 9.7 5.0 4.3 3.5 3.5 2.3 3.0 5 4.4 ---- 
             
Burn time 7.8 8.8 8.8 5.3 6.8 6.2 5.8 4.1 4.8 5.5 7.0 4.1 
 
2” cylindrical comets were prepared with the 12 formulae listed in Table 6. Each sample had 
a mass of 140 g and was pressed at 24 MPa (3500 psi) on the comet. 
 
Figures 6 to 16 are photographs of the comets performance and spark trails for each of the 
twelve compositions given in Table 6. 
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Fig. 6 - Sample 1 Fig. 7 - Sample 2 Fig. 8 - Sample 3 Fig. 9 - Sample 4 

 

    
Fig. 10 – Sample 5 Fig. 11 – sample 6 Fig. 12 – Sample 7 Fig. 13 – Sample 8 

 

   
Fig. 14 – Sample 9 Fig.15 – Sample 10 Fig. 16 – Sample 11 
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RESULTS 
 
The spark trails from the samples were very similar, as expected.  Most of the samples burned 
out completely at or near their apogee, and there was no excessive fallout. It was shown that 
by varying the percentage of magnesium carbonate in the mixture, different burn times could 
be accomplished. The data also indicates how excess sulfur can be used to delay the burn 
rate. All the formulas had very good workability and did not foul the tooling, even with 
repeated use. 
 
It should be noted that the above formulae all contain nearly 10% Phenol/Hex binder, which 
is a greater percentage than is ordinarily required for use in stars or comets. 4 – 7% is a more 
typical amount in most applications. However, the nearly 10% value was chosen for this 
study in an attempt to produce the hardest possible pressing, as required for very large comets 
and large shell inserts. 
 
 

CONCLUSION 
 
A mixture of phenolic resin and hexamine was shown to be an effective binder of pyrotechnic 
compositions. Its strength and unique ability to “cure” rather than “dry” like most other 
binders, opens up new possibilities to fireworkers. For example, large aerial comets that 
ordinarily require several weeks to dry, can be produced in a few hours. It also can produce 
an extraordinarily strong bond where increased strength over dextrin, glutinous rice starch, or 
even polyvinyl-butyral binders, is desired. 
 
The challenge of producing a potassium nitrate-based “flitter” formula was addressed, with 
several specific formulae suggested. Sulfur rich mixtures that employ MgCO3 as a retardant 
seemed to offer good promise.  
 
In color compositions, phenolic resin/hexamine can simultaneously provide fuel and binding, 
thus eliminating the need for dextrin, rice starch, or other deleterious binders. That this type 
of formulation cures very quickly with exposure to elevated temperature is an added benefit. 
 
Through the many tests conducted for this study, the author has found good promise in 
phenolic resin/hexamine binding. It is easy to use in practice and tremendously effective as a 
binder. It is hoped that some of these techniques and methods will find their way into 
commercial production, creating ever more varied pyrotechnics for fireworks enthusiasts 
worldwide. 
 
 

REFERENCES 
 

1) Tom Schroeder, President (retired) Scholle Chemical Corp., Orland Park Il. USA 
2) A.A. Shidlovskiy, Principles of Pyrotechnics, Mashinostroyeniye Press, 1964 
3) Robert Winokur, The Pyrotechnic Phenomena of Glitter, Pyrotechnica #2, Pyrotechnica 

Publications, Austin TX, USA  
4) Plastics Engineering Company, Sheboygan, WI  USA 
5) Michael S. Swisher, Institute of Traditional Pyrotechny, Stillwater MN, USA 

 
 
 



454 

ACKNOWLEDGMENTS 
 
The author would like to thank Tom Schroeder for his insights regarding phenol/hexamine binding, 
Tim Borden for logistics and support, Mike Seifker for guidance in comet manufacture, and Connie 
Widmann for patience and support. 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 

CHARACTERIZATION AND CLASSIFICATION OF 
SPENT TUBES FROM PYROTECHNIC DEVICES AND 

ITEMS SOILED WITH PYROTECHNIC RESIDUE 
 

Stephan A. Coman 
RES Specialty Pyrotechnics, Inc. 

 
Troy A. Gardner and Kirt N. Sasser 
Safety Management Services, Inc.  

USA 
 

15th International Symposium on Fireworks 
Symposium International sur les Feux D'artifice 

 
September 21-27, 2015 

le 21 au 27 septembre 2015 
 

Bordeaux, France 
 



456 

CHARACTERIZATION AND CLASSIFICATION OF SPENT TUBES FROM 
PYROTECHNIC DEVICES AND ITEMS SOILED WITH PYROTECHNIC 

RESIDUE 
 
 

Stephan A. Coman 
RES Specialty Pyrotechnics, Inc. 

Belle Plaine, Minnesota, USA 
steve.coman@respyro.com 

 
 

Troy A. Gardner and Kirt N. Sasser 
Safety Management Services, Inc. (SMS™) 

West Jordan, Utah, USA 
tgardner@smsenergetics.com and ksasser@smsenergetics.com 

 
 
 

ABSTRACT 
 
The manufacturing of pyrotechnic devices creates several challenges for the proper disposal 
of materials generated during the manufacturing process. Some items such as spent devices 
from testing and used Personal Protective Equipment (PPE) may contain only trace amounts 
of reactive materials. Other items such as ventilation filters may contain significant amounts 
of reactive chemical compositions. These materials cannot be transported or disposed without 
being properly classified, packaged, labeled and marked. 
 
In the United States (U.S.), transportation of hazardous materials is regulated by the Federal 
Government under Title 49 of the Code of Federal Regulations (CFR) by the U.S. 
Department of Transportation (DOT) Pipeline and Hazardous Materials Safety 
Administration (PHMSA). Materials suspected of explosive properties are submitted to 
designated explosives test labs for examination. The explosives test labs are recognized and 
approved by the U.S. Competent Authority to recommend a hazard classification and proper 
shipping name. Once the examination is complete, the recommendation is submitted to U.S. 
DOT PHMSA for review/revision and approval. Upon approval, the material is either 
classified as a hazardous material for transport (Class 1 explosive, Class 3 or Division 4.1 
desensitized explosive, etc.) or excluded from regulation as a hazardous material for 
transport. 
 
Disposal of hazardous materials in the U.S. is regulated under Title 40 CFR by the 
Environmental Protection Agency (EPA). Tests are conducted on materials suspected of 
being hazardous wastes to determine whether disposal of the waste poses any regulated 
environmental hazard (ignitable, reactive, toxic, and/or corrosive). 
 
This paper will give an overview of this process for the RES Specialty Pyrotechnics, Inc. 
facility from identification and characterization to final determination and recommendation, 
as an example. 
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INTRODUCTION 
 
Manufacturing of pyrotechnics employs chemicals and chemical compositions, many of 
which are considered hazardous in transportation and to the environment. 
 
In the manufacturing process, Personal Protective Equipment (PPE), cleaning materials, 
containers, heating, ventilation & air-conditioning (HVAC) filters, etc., may become 
contaminated with these compositions. Also finished product that has been fired for testing 
will also contain some chemical residue. 
 
RES Specialty Pyrotechnics, Inc. contracted with Safety Management Services (SMS™), 
West Jordan, Utah to examine our waste streams and to guide us through the testing and 
evaluation process. Based on the site review and meeting, we formulated the following plan 
to get the information needed to properly classify the materials for transport and disposal. 
 

 Identify materials that are or may have chemical contamination 
 Make some determination as to the level of chemical contamination 
 Determine if the materials are hazardous in transportation 
 Determine if the materials pose an environmental hazard 

 
 

IDENTIFICATION AND DESCRIPTION OF MATERIALS 
 
The following materials were identified as potentially hazardous. 
 
Spent Tubes from Testing 
The Spent Tubes from Pyrotechnic Devices are the hollow tubes of pyrotechnic devices that 
were fired (spent). The tubes are typically constructed of fiberboard and may be mounted to a 
piece of wood, as shown in the photographs in Figure 1. The tubes appear empty but may 
contain relatively small amounts of combustion and/or pyrotechnic residues (estimated to 
comprise less than 1% of the total net weight). No unspent devices still containing a 
pyrotechnic charge are included in this category of materials. 

 

 

 

 

 

 

 
Figure 1 – Spent Tubes from Pyrotechnic Devices 

 
Other Items Soiled with Pyrotechnic Residue 
Items Soiled with Pyrotechnic Residue are comprised of various articles that were used in the 
manufacture of pyrotechnic devices that have become soiled with relatively small amounts of 
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pyrotechnic residue (estimated to comprise less than 3% of the total net weight). The items 
include the following categories and are shown in Figure 2: 

 HVAC filters from the Mix, Press, and Assembly bays that have been vacuumed to 
remove the majority of collected pyrotechnics. 

 Personal Protective Equipment (PPE): Rubber gloves, respirator filters and masks 
(particle and vapor), etc. 

 Miscellaneous contaminated materials: Kraft paper sheet, paper towels and wipes, 
weigh boats, plastic bags and bottles, assorted paper products, plastic and paper caps, 
pieces of Styrofoam, assorted labels and adhesives (tape and glue), etc. 

 

 
Figure 2 – Items Soiled with Pyrotechnic Residue (Test Ready) 

 
After use, the Spent Tubes from Pyrotechnic Devices and Items Soiled with Pyrotechnic 
Residue are collected in large, plastic bags. Materials that the samples may have been 
exposed to are listed in Table 1. 
 

Table 1 – Materials Used During Pyrotechnics Manufacturing 
Constituents 

 Accaroides Resin  Magnesium Carbonate  
 Aluminum  Nitrocellulose 
 Aluminum/Magnesium Alloy  Potassium Benzoate 
 Barium Carbonate  Potassium Nitrate 
 Barium Nitrate  Potassium Perchlorate 
 Barium Sulfate  Sodium Bicarbonate 
 Bismuth Oxide  Sodium Oxylate 
 Charcoal  Strontium Carbonate 
 Chlorinated Butadiene  Strontium Nitrate 

 Copper Oxide  Sulfur 

 Dextrin  Titanium 
 Ferrotitanium  Vinylidene Chloride 

 Magnesium  
 
SMS conducted an on-site evaluation of these materials at the RES Specialty Pyrotechnics’ 
facility on September 12, 2013. Based on the survey conducted, used filters (Figure 3) are 
initially contaminated with around 10% pyrotechnic material by mass; vacuuming the filter 
(Figure 4) with a vacuum approved for collection of hazardous materials lowers the level of 
contamination to less than 1% by mass; PPE and miscellaneous contaminated materials are 
estimated to contain less than 3% of the total net weight as pyrotechnic residue. 
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Figure 3 – HVAC Filters Soiled with Pyrotechnic Material 

 

 
Figure 4 – Cleaning Effectiveness – Piece of Filter Soiled (left) and Vacuumed (right) 

 
Based on this examination of the various articles in their soiled states, it is estimated that 
Items Soiled with Pyrotechnic Residue will contain less than 3% of the total net weight as 
pyrotechnic residue. For a 51-cm x 51-cm x 51-cm (20 in x 20 in x 20 in) box containing 
approximately 25.4 kg (56 lbs) of Items Soiled with Pyrotechnic Residue, the total mass of 
pyrotechnics distributed throughout the package is estimated to be less than 0.8 kg (1.7 lbs). 
 
 

PACKAGING AND SHIPPING 
 
Shipping these materials to a laboratory for testing in the U.S. can be challenging. Any 
transport of hazardous materials in the U.S. requires that the materials are properly classified, 
packaged, marked, labeled and have a properly completed bill of lading. Additionally, 
explosives require an approval number (EX, SP, or CA) issued by PHMSA before being 
transported. Laboratories and testing facilities that have a U.S. Competent Authority (CA) 
approval may issue a Tentative Shipping Classification in order to safely and legally offer 
new explosives or materials suspected of explosive properties for transport within the United 
States. Since these materials have small amounts of pyrotechnic compositions they would be 
considered forbidden for transport, as they have not previously gone through the “new 
explosive” approval process. 
 
The materials were packaged in the following non-bulk combination packaging. 
 
Inner – Bag, plastic 
Intermediate – None 
Outer – Box, fiberboard (4G) with outer dimensions of 51 cm x 51 cm x 51 cm 
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The shipment was assigned a tentative shipping classification of UN0481, Substances, 
explosive, n.o.s, 1.4S, Packing Group II. In addition, the shipment also required SMS’s 
Competent Authority (CA) Approval number to be marked on both the packaging and bill of 
lading. All other required labels, markings and paperwork were prepared per United Nations 
(UN) and U.S. Department of Transportation (DOT) requirements. 
 
 

TESTING 
 
Fiberboard Tubes from Spent Pyrotechnic Devices 
The results from the screening procedures, as contained in Appendix 6 of the UN Manual of 
Tests and Criteria, adequately predict when it is not necessary to perform the classification 
tests on a substance NOT manufactured with the view to producing a practical explosive or 
pyrotechnic effect as a negative result would be obtained. In accordance with paragraph 
3.3(c) of the screening procedures, the Class 1 Acceptance Procedure need not be applied 
when the organic substance or a homogenous mixture of organic substances contain chemical 
groups associated with explosive properties but the exothermic decomposition energy is less 
than 500 J/g and the onset of exothermic decomposition is below 500°C as measured using a 
suitable calorimetric technique (such as differential scanning calorimetry or adiabatic 
calorimetry). 
 
RES Specialty Pyrotechnics’ fiberboard tubes from spent pyrotechnic devices are NOT 
manufactured with the view to producing a practical explosive or pyrotechnic effect but may 
contain small quantities of materials that have chemical groups associated with explosive 
properties. A differential scanning calorimeter test on a representative piece of the fiberboard 
tube from a spent pyrotechnic device was used to determine that the Class 1 Acceptance 
Procedure need not be applied to this product since the exothermic decomposition energy was 
less than 500 J/g of product and the onset of exothermic decomposition was below 500°C. 
Therefore, the fiberboard tubes from spent pyrotechnic devices were excluded from 
regulation for transport. 
 
Items Soiled with Pyrotechnic Residue 
Testing of Items Soiled with Pyrotechnic Residue consisted of the UN Series 6 (c) External 
Fire (bonfire) test at SMS’s test site in Tooele, Utah by PHMSA-approved SMS examiners to 
determine whether the samples contain a sufficient quantity of energetic material to cause any 
dangerous effect when involved in a fire. Tests were performed in accordance with the 
United Nations (UN) Recommendations on the Transport of Dangerous Goods, Manual of 
Tests and Criteria, Fifth revised edition (2009), Section 33.2.3, “Solid desensitized explosives 
of Division 4.1” and Model Regulations, Seventeenth revised edition (2011), Section 2.1.3.6, 
“Exclusion from Class 1”.  A summary of test results is provided in Table 2. 
  
A UN Series 6 (c) External fire (bonfire) test (Figure 5) was performed on two boxes of 
Spent Tubes from Pyrotechnic Devices (0.26 m3 total) and two boxes of Items Soiled with 
Pyrotechnic Residue (0.26 m3 total). The two boxes of spent tubes had a mass of 20.4 kg (45 
lbs) and contained limited amounts of pyrotechnic residue, while the two boxes of soiled 
items had a mass of  48.5 kg (107 lbs) and were estimated to contain less than 1.5 kg (3.2 lbs) 
of pyrotechnic composition. Therefore, the total Net Explosive Weight (N.E.W.) on the fire 
was estimated to be less than 1.5 kg (3.2 lbs).  
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Table 2 – UN Series 6 (c) Testing Summary 
Test  Conditions and Results  Pass/Fail  
UN Series 6 
(c) External 
fire (bonfire)  

Burning of material occurred over a 20-minute 
period indistinguishable from the flames of the 
fire. No mass explosions, fireballs, jets of flame, 
or fiery projections were observed. No 
perforations of or damage to the witness screens 
and no projections occurred.  Product burn time 
was 1200 seconds for less than 1.5 kg N.E.W. 

Pass (candidate for 
exclusion from 
regulation as both a 
Class 1 Hazardous 
Material and Division 
4.1 desensitized 
explosive substance) 

 

 
Figure 5 – UN Series 6 (c) External Fire (Bonfire) Test Setup 

 
Burning of the material started at around four minutes and occurred over a twenty-minute 
period. Burning of the material was indistinguishable from the flames of the fire as shown in 
Figure 6. 
 

 
Figure 6 – Material Burning (typical) 

 
No mass propagation or enhancement of fire occurred. No fireballs, jets of flame or fiery 
projections were observed. A post-test inspection revealed that the entire test sample 
remained on the steel grate (no projections) as shown in Figure 7. There were no 
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fragmentations of any kind and no additional damage to the witness screens. 

 
Figure 7 – Post-Test View 

 
For the burning time assessment of the UN Series 6 (c) test, the fire contained an estimated 
total less than 2.4 kg (5.4 lbs) N.E.W. Using a product net explosive mass of 2.4 kg and a 
product heat of combustion of 12,500 J/g (assumed) produces burn-time division of 10.1 
seconds for Division 1.3/1.4 (versus 35 seconds) and 95 seconds for Division 1.4/1.4S 
(versus 330 seconds). The measured burn time of the Spent Tubes from Pyrotechnic Devices 
and Items Soiled with Pyrotechnic Residue was 20 minutes (1200 seconds). Based on these 
test results, the behavior of the burning product appears to be consistent with that of ordinary 
paper and plastic products.  
 
 

ENVIRONMENTAL TESTING AND TEST METHODS 
 
Besides evaluation and classification for transport, it must also be determined if the materials 
would be considered a hazardous waste by the Environmental Protection Agency (EPA) of 
the United States. SMS performed testing and evaluation of a representative sample of 1) 
Spent Tubes from Pyrotechnic Devices, and 2) Items Soiled with Pyrotechnic Residue 
(waste) as generated by RES Specialty Pyrotechnics, Inc. SMS arranged for ALS 
Environmental, Taylorsville, Utah to conduct the required analytical tests. Based on that 
determination, the waste did NOT exhibit the 40 CFR Part 261 Subpart C characteristics of 
Ignitability, Corrosivity, Reactivity and/or Toxicity of an EPA Hazardous Waste. Based on 
the test results, the waste was NOT classified as an EPA Hazardous Waste. 
 
Since the detailed report alone of the environmental testing would be too voluminous to 
include here, an abbreviated summary will be presented. 
 

1. Modified UN Test N.5 Test method for Substances which in Contact with Water 
emit Flammable Gas 
This test determines whether a substance, which in contact with water will emit a 
significant quantity of flammable gases. The substance is tested by bringing it in 
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contact with water under a variety of conditions provided by a series of safety tests 
and a quantification test. 
 
The UN Test N.5 was designed for homogeneous substances; the test method was 
modified as follows to facilitate screening of heterogeneous waste samples: 

 Test quantity was increased from 25 g in a conical flask to a representative 
sample of the waste in a sealed environment. 

 Water was added directly to waste and then container sealed versus using a 
dropping funnel. 

 One screening trial of a large, representative sample was performed versus 
three trials on smaller samples. 

 
For this screening test, approximately 75 L (20 gallons) of waste, comprised of representative 
spent tubes and soiled items, were placed in the bottom of a heavy-walled 190-L (50 gallon) 
plastic bag. Water was added to the waste until completely saturated. The headspace of the 
bag was collapsed (empty of air) and the top of the bag closed. Generation of gases during 
the test would collect in the headspace, inflating the bag. The test configuration of the sample 
is shown in Figure 8. 

 
Figure 8 – Representative Waste Sample for Modified UN Test N.5 

 
 
Test Results 
No visible change occurred to the wetted waste and no generation of fumes, gases or vapors 
occurred over the one-week testing period. The sample was monitored constantly for the first 
hour, every hour for the following 3 hours and one a day for the following week. 
 
Conclusions 
Based on the test results, the wetted waste does NOT react violently with water, form 
potentially explosive mixtures with water or generate toxic fumes when mixed with water. 
 

2. 40 CFR §261.21 Ignitability Characteristic 
The characteristic of ignitability defines whether a waste product can create fires 
under certain conditions, are spontaneously combustible or have a flash point less 
than 60°C (140°F). A solid waste exhibits the characteristic of ignitability if a 
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representative sample of the waste has any of the following properties; (1) it is a 
liquid, other than an aqueous solution containing less than 24 percent alcohol by 
volume and has a flash point less than 60°C (140°F), (2) it is not a liquid and is 
capable, under standard temperature and pressure, of causing fire through friction, 
absorption of moisture or spontaneous chemical changes and when ignited, burns so 
vigorously and persistently that it creates a hazard, or (3) it is an ignitable compressed 
gas, as defined in 40 CFR §261.21. 

 
The sample composition is paper and plastic products and is NOT a liquid, aqueous solution, 
or ignitable compressed gas. Therefore, 40 CFR §261.21 requires testing to be conducted to 
determine if the sample is capable of causing fire through friction, absorption of moisture or 
spontaneous chemical changes and when ignited, burns so vigorously and persistently that it 
creates a hazard. Testing to determine capability of ignition by friction or spontaneous 
chemical changes was waived based on the heterogeneous makeup of the sample, the on-site 
evaluation (materials soiled with less than 3% by mass pyrotechnic material), and the proven 
thermal stability of the pyrotechnics in RES Specialty Pyrotechnics’ pyrotechnic devices.  
The Test Method for Water Reactivity discussed in the section above was used to determine 
the capability of ignition by absorption of moisture. 
 
Method 1030 in “Test Methods for Evaluating Solid Waste, Physical/Chemical Methods,” 
EPA Publication SW-846 is a suitable test method for determining the ignitability of solids 
that are pastes, granular materials, solids that can be cut into strips and powdery substances. 
Since Method 1030 was designed for homogeneous substances, a UN Series 6 (c) External 
fire (bonfire) test was performed on two boxes of Spent Tubes from Pyrotechnic Devices 
(0.26 m3 total) and two boxes of Items Soiled with Pyrotechnic Residue (0.26 m3 total) to 
determine the ignitability of the heterogeneous waste sample and whether it burns so 
vigorously or persistently that it creates a hazard; the results are outlined above under the UN 
Series 6 (c) Test. The two boxes of spent tubes had a mass of 20.4 kg (45 lbs) and contained 
limited amounts of pyrotechnic residue, while the two boxes of soiled items had a mass of 
48.5 kg (107 lbs) and were estimated to contain less than 1.5 kg (3.2 lbs) of pyrotechnic 
composition. 
 
Test Results 
The determined result from the bonfire test was that the burning of the sample was consistent 
with that of ordinary paper and plastic products and NOT that of a flammable solid or metal 
powder. No mass propagation or enhancement of the fire occurred. 
 
Conclusions 
Based on the results of the External Fire tests, the Spent Tubes from Pyrotechnic Devices and 
Items Soiled with Pyrotechnic Residue are NOT considered an ignitable waste. 
 

3. 40 CFR §261.22 Corrosivity Characteristic 
The characteristic of corrosivity defines whether a waste product is an acid or base 
capable of corroding metal containers, such as storage tanks, drums, and barrels. The 
regulation in 40 CFR §261.22 identifies a corrosive solid waste as a waste that 
exhibits either of the following properties; (1) it is aqueous and has a pH less than or 
equal to 2 or greater than or equal to 12.5, as determined by a pH meter using Method 
9040C in “Test Methods for Evaluating Solid Waste, Physical/Chemical Methods,” 
EPA Publication SW-846; or (2) it is a liquid and corrodes steel (SAE 1020) at a rate 
greater than 6.35 mm (0.250 inch) per year at a test temperature of 55°C (130°F) as 
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determined by Method 1110A in “Test Methods for Evaluating Solid Waste, 
Physical/Chemical Methods,” EPA Publication SW-846. 

 
Since the composition of the sample is paper and plastic products, an aqueous extract of the 
Spent Tubes from Pyrotechnic Devices and Items Soiled with Pyrotechnic Residue was 
obtained by filtering the material using the methodology outlined in Method 1311 in “Test 
Methods for Evaluating Solid Waste, Physical/Chemical Methods,” EPA Publication SW-
846. The pH was measured using Method 9045, Soil and Waste pH, in “Test Methods for 
Evaluating Solid Waste, Physical/Chemical Methods,” EPA Publication SW-846, by ALS 
Laboratories of Taylorsville, Utah. 
 
Test Results 
The pH of test results was determined to be 9. The sample is not a liquid and therefore, was 
not tested using Method 1110A to determine the steel corrosion rate. 
 
Conclusions 
The measured pH of the Spent Tubes from Pyrotechnic Devices and Items Soiled with 
Pyrotechnic Residue was not found to be an acid (pH less than or equal to 2) or base (pH 
greater than or equal to 12.5) and is therefore NOT considered a corrosive waste. 
 

4. 40 CFR §261.23 Reactivity Characteristic 
This definition is intended to identify wastes that, because of their extreme instability and 
tendency to react violently or explode, pose a problem at all stages of the waste management 
process (Characteristics of Hazardous Waste, Code of Federal Regulations, Title 40 Subpart 
C). 

 
Further, the samples are NOT considered “sulfide-bearing wastes” as described in 
Test 3 above, so testing with mild acidic or basic conditions was NOT conducted. 
 
Method 8330B in “Test Methods for Evaluating Solid Waste, Physical/Chemical 
Methods,” EPA Publication SW-846 was used to measure the explosive quantities 
found in the sample. 

 
Test Results 
Table 3 below outlines each reactive waste property identified in regulation 40 CFR §261.23, 
the corresponding method, and the results. 
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Table 3 – EPA Reactivity Properties, Tests, and Results 

Item 
Properties of the 

Reactivity 
Characteristic 

Test Performed Result 

1 Readily undergo violent 
chemical change. 

EPA Test Method SW 8330B 
for Explosives (detection of 
only common explosives). 

Paper & plastic products with only 
trace amounts of explosives 
detected. 

UN Series 6 (c) External fire 
(bonfire) test. 

Burning product is consistent with 
that of ordinary paper and plastic 
products. 

UN Series 1 (UN Gap, 
Koenen, Time/pressure or 
Internal Ignition tests) and 3 
(Impact, friction, thermal 
stability, small-scale burning 
tests). 

Waived based on heterogeneous 
makeup and on-site evaluation: 
materials soiled with less than 3% 
by mass pyrotechnic material. 

2 
React violently or form 
potentially explosive 
mixtures with water. 

Test Method for Water 
Reactivity. 

Did NOT react when mixed with 
water. 

3 Generate toxic fumes 
when mixed with water. 

Test Method for Water 
Reactivity. 

NO significant generation of 
fumes when mixed with water. 

4 
Explode when 
subjected to a strong 
initiating force. 

EPA Test Method SW 8330B 
for Explosives (detection of 
only common explosives). 

Paper & plastic products with only 
trace amounts of explosives 
detected. 

UN Series 1 (a) UN Gap test. 

Waived based on heterogeneous 
makeup and on-site evaluation: 
materials soiled with less than 3% 
by mass pyrotechnic material. 

5 
Explode at normal 
temperatures and 
pressures. 

EPA Test Method SW 8330B 
for Explosives (detection of 
only common explosives). 

Paper & plastic products with only 
trace amounts of explosives 
detected. 

UN Series 5 (a) Cap 
sensitivity test. 

Waived based on heterogeneous 
makeup and on-site evaluation: 
materials soiled with less than 3% 
by mass pyrotechnic material. 

6  

Fit within the 
Department of 
Transportation’s 
forbidden explosives, 
Class A explosives, or 
Class B explosives 
classifications. 

EPA Test Method SW 8330B 
for Explosives (detection of 
only common explosives). 

Paper & plastic products with only 
trace amounts of explosives 
detected  

UN Series 6 (c) External fire 
(bonfire) test. 

Burning product is consistent with 
that of ordinary paper and plastic 
products and recommended for 
exclusion from regulation as Class 
A or B explosive. Further testing 
(UN Series 4 and 6(a)) waived 
based on heterogeneous makeup 
and on-site evaluation: materials 
soiled with less than 3% of 
common pyrotechnic materials. 

 
Conclusions 
In summary, the test results show that the Spent Tubes from Pyrotechnic Devices and Items 
Soiled with Pyrotechnic Residue are NOT considered a reactive waste.  
 



467 

5. 40 CFR §261.24 Toxicity Characteristic 
The characteristic of toxicity defines whether a waste product has toxic properties. 
The regulation in 40 CFR §261.24 defines a solid waste as a material that exhibits the 
characteristic of toxicity if the extract from a representative sample of the waste 
contains any of the contaminants listed in Table 1 of 40 CFR §261.24 at the 
concentration equal to or greater than the respective value given in that table. Since 
the waste contained less than 0.5% filterable solids, an extract of the waste was 
obtained by filtering using the methodology outlined in Method 1311 in “Test 
Methods for Evaluating Solid Waste, Physical/Chemical Methods,” EPA Publication 
SW-846. 

 
Test Results 
Methods SW 8260, SW 8270, SW 6010C, SW 7470, SW 8081, SW 8151, and EPA 6850, in 
“Test Methods for Evaluating Solid Waste, Physical/Chemical Methods,” EPA Publication 
SW- 846 were used to measure the quantities of the contaminants listed in Table 1 of 40 CFR 
§261.24.  ALS Laboratories of Taylorsville, Utah performed the tests and the results are 
shown in Table 4. 
 

Table 4 – EPA Hazardous Waste Contaminant Testing Results 
EPA 

HW No. Contaminant CAS No. Regulatory 
Level (mg/L) 

Detection 
Method 

Result 
(mg/L) 

D004  Arsenic  7440-38-2 5  SW 6010C Not detected  
D005  Barium  7440-39-3 100  SW 6010C 1.53  
D018  Benzene  71-43-2  0.5  SW 8260 Not detected  
D006  Cadmium  7440-43-9 1  SW 6010C Not detected  
D019  Carbon tetrachloride 56-23-5  0.5  SW 8260 Not detected  
D020  Chlordane (gamma)  57-74-9  0.03  SW 8081 0.00028  
D020  Chlordane (alpha)  57-74-9  0.03  SW 8081 Not detected  
D021 Chlorobenzene 108-90-7 100 SW 8260 Not detected 
D022 Chloroform 67-66-3 6 SW 8260 Not detected 
D007 Chromium 7440-47-3 5 SW 6010C Not detected 
D023 0-Cresol 95-48-7 200 SW 8270 Not detected 
D024 m-Cresol 108-39-4 200 SW 8270 Not detected 
D025 P-Cresol 106-44-5 200 SW 8270 Not detected 
D026 Cresol  200 SW 8270 Not detected 
D016 2,4-D 94-75-7 10 SW 8151 Not detected 
D027 1,4-Dichlorobenzene 106-46-7 7.5 SW 8270 Not detected 
D028 1,2-Dichloroethane 107-06-2 0.5 SW 8260 Not detected 
D029 1,1-Dichloroethylene 75-35-4 0.7 SW 8260 Not detected 
D030 2,4-Dinitrotoluene 121-14-2 0.13 SW 8270 Not detected 
D012 Endrin 72-20-8 0.02 SW 8081 Not detected 

D031 Heptachlor 76-44-8 0.008 SW 8081 0.0023 
Heptachlor epoxide 0.00071 

D032 Hexachlorobenzene 118—74-1 0.13 SW 8270 Not detected 
D033 Hexachlorobutadiene 87-68-3 0.5 SW 8270 Not detected 
D034 Hexachloroethane 67-72-1 3 SW 8270 Not detected 
D008 Lead 7439-92-1 5 SW 6010C 0.120 
D013 Lindane (gamma-BHC) 58-89-9 0.4 SW 8081 Not detected 
D009 Mercury 7439-97-6 0.2 SW 7470 Not detected 
D014 Methoxychlor 72-43-5 10 SW 8081 Not detected 
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Table 4 – EPA Hazardous Waste Contaminant Testing Results – continued 
EPA 

HW No. Contaminant CAS No. Regulatory 
Level (mg/L) 

Detection 
Method 

Result 
(mg/L) 

D035 Methyl Ethyl Ketone 78-93-3 200 SW 8260 Not detected 
D036 Nitrobenzene 98-95-3 2 SW 8270 Not detected 
D037 Pentrachlorophenol 87-86-5 100 SW 8270 Not detected 
D038 Pyridine 110-86-1 5 SW 8270 Not detected 
D010 Selenium 7782-49-2 1 SW 6010C Not detected 
D011 Silver 7440-22-4 5 SW 6010C Not detected 
D039 Tetrachloroethylene 127-18-4 0.7 SW 8260 Not detected 
D015 Toxaphene 8001-35-2 0.5 SW 8081 Not detected 
D040 Trichloroethylene 79-01-6 0.5 SW 8260 Not detected 
D041 2,4,5-Trichlorophenol 95-95-4 400 SW 8270 Not detected 
D042 2,4,6-Trichlorophenol 88-06-02 2 SW 8270 Not detected 
D017 2,4,5-TP (Silvex) 93-72-1 1 SW 8151 Not detected 
D043 Vinyl chloride 75-01-4 0.2 SW 8260 Not detected 
 
Conclusions 
All contaminants were found to be below the regulatory threshold. Therefore, the Spent 
Tubes from Pyrotechnic Devices and Items Soiled with Pyrotechnic Residue are NOT 
considered a toxic waste.  
 
 

DISCUSSION 
 
Regulatory compliance for waste management is an important task for manufacturers of 
pyrotechnic devices. Identification, classification and characterization of these waste 
materials along with proper guidance are critical to a manufacturer’s compliance program. 
 
Analysis for transportation and environmental characterization also need to be done in the 
proper order to avoid possible violations of regulatory compliance. 
 
Selection of outside contractors that understand the industry and have the expertise and 
regulatory approval to properly advice and conduct an assessment is significant towards your 
goal of regulatory compliance. 
 
 

CONCLUSIONS 
 
Based on the tests conducted by SMS and our subsequent PHMSA approval, Spent Tubes 
from Pyrotechnic Devices and Items Soiled with Pyrotechnic Residue at RES Specialty 
Pyrotechnics generated at the Belle Plaine, Minnesota facility are NOT regulated as an 
explosive substance and are NOT considered an EPA hazardous waste. 
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ABSTRACT 
 
The method described in this paper gives the criteria, procedures and documentation in 
obtaining measurements of “The Effect Range” of Aquatic Display Fireworks” and to be read 
in conjunction with the relevant guidelines where appropriate. This method is presented as a 
reference rather than a mandatory procedure. 
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INTRODUCTION 
 
Method, herein, refers as a particular procedure for accomplishing or approaching something, 
especially a systematic or established one. 
 
Procedures, herein, refers as A fixed, step-by-step sequence of activities or course of action 
(with definite start and end points) that must be followed in the same order to correctly 
perform a task. Repetitive procedures are called routines. 
 
Documentation, herein, refers as the term 'technical documentation' refers to different 
documents with product-related data and information that are used for the purposes. 
“Different purposes” mean: Product definition and specification, design, manufacturing, 
quality assurance, product liability, product presentation; description of features, functions; 
intended, safe and correct use. 
 
Development of “Method of Measuring “The Effect Range” of Aquatic Display Fireworks 
was initiated by the requirement of the prEN 16261-4 "Pyrotechnic articles - Fireworks, 
Category 4 – Part 4: Minimum Labelling Requirements4. 
 

Table 1 – prEN 16261-4:2011(E) - Annex A 
List of Mandatory and Optional Parameters and Corresponding Codes 

Code Status Description Examples/Comments 
E M / O Effect Range This parameter is mandatory 

for aquatic fireworks 
 

 
Figure 1 – prEN 16261-4:2011(E) - Annex A-LABEL 
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METHOD 
 
A theodolite is required in obtaining the “E” which here refers to the “Range” results. A 
theodolite (Figure 2) is a surveying instrument with a rotating telescope for measuring 
horizontal and vertical angles. 
 
Theodolites have an internal optical device that makes reading circles much more accurate 
than other instruments. Also, because a theodolite allows you to take fewer repeat readings, 
these measurements can be made much more quickly. Theodolites with optical instruments 
have advantages over other layout tools. They can take more precise measurements, they are 
unaffected by wind or other weather factors, and they can be used on both flat ground and 
sloped ground. 
 

 
Figure 2 – Schematic of a theodolite 

 
 
 

TEST PROCEDURES 
 
Here we refer to the Layout of the site and instrument positioning in order to capture the 
required measurements both [a] Horizontal and [b] Vertical measurement in “ANGLE” 
reading. Refer to Figures 3 to 7. 
 
Diagram A 
Positioning of the Theodolite & dB Meter 
Position 1 – 50 M / 75 M 
Position 2 – 50 M / 75 M 
Position 3 – Aquatic Fireworks Article [Battery of Shots] 
 
Instrument and Article are line up in a straight horizontal line positioning 
Best location to use will be side walkway of a river band.  
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Figure 3 – Measurement Set-Up-Test Site Instrument Positions 

 
 

 

 
Figure 4 – Measurement Set-Up-Capturing of Reading 
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Figure 5 – Measurement Set-Up-Capturing of Reading 

 
 

 
Figure 6 – Measurement Set-Up-Capturing of Reading 
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Table 2 – Documentation – Calculation Spread Sheet 

 

x/sin(b)=y/sin(a) = z/sin(c)              
Conversion of Degrees = PI/180 0.017453      

Angle a 23 = 0.401427    
Angle b 20 = 0.349067    
Angle c 137 = 2.391107    

            
Line z 100           

        
        
        
        

Therefore if Y/sin(a) = Z/sin(c)             
sin(a) 0.390732      
sin(c) 0.681994      

Y = Z/sin(c) *sin(a) 57.29256 m Y = From Point B to Shot   
            
Therefore if Y/sin(a) = X/sin(b)             

sin(a) 0.390732      
sin(b) 0.342021      

X = Y/sin(a) *sin(b) 50.15011 m X = From Point A to Shot   
        

cos(b)=Adj/Hyp             
Therefore cos(b)=Q/Y       

cos(b) 0.939692      

Q = cos(b)*Y 53.83738 m 
Q = Point B to Center of Imaginary 
Triangle 

        
A^2+B^2=C^2             

Therefore Q^2 + R^2 = Y^2       
R = Sqrt(Y^2-Q^2) 19.59525           

        
O = (AB Line / 2) - Q -3.83738 m O = Difference from    

        
L = Distance from AB Line to 

Article - R 19.59525 m         
        

Therefore From Article to Point 
of Burst =             

Sqrt(L^2 + O^2) 19.96746 m         
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Result for “E” = 19.96 m 

 
Figure 7 – Measurement Set-Up-Reading - Results 

 
Table 3 – Documentation 
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ABSTRACT 
 
After analysis on classification test results of different types of fireworks, compared with the 
United Nations Committee of Experts on the Transport of Dangerous Goods classification 
Default Table, the research presented in this paper shows the similarities and differences and 
points to suggestions for amending the Default Table. 
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INTRODUCTION 
 
Since the 21st century, with the rapid growth of world consumption of fireworks, the amount 
of storage and transport of fireworks has continuously increased with accidents in the process 
of storage and transportation occurring occasionally. In 2000, the Netherlands, 2004, 
Denmark, 2006, Xianing Port in China and 2008, Shanshui Port in China, fireworks accidents 
have occurred and caused great losses. In the presence of frequent accidents, each country 
strengthened the management of the fireworks transport dangerous classification and required 
that the classification label marked on the carton should be identical with the fireworks itself. 
The International Maritime Organization in 2013 stipulated that the fireworks transported by 
sea should obtain classification certificates issued by the competent authority of the 
producing country before shipment and the port supervision department of the importing 
country allow the shipment as per the certificate. 
 
The United Nations Committee of Experts on the Transport of Dangerous Goods released the 
Default fireworks classification table in 2004 based on the proposals of the countries, such as 
the Netherlands. The governmental department or technical organization of each country 
determines the fireworks classification according to the test results of Test Series 6 of United 
Nations Orange Book or the Default Table. FFIC has carried out a lot of fireworks 
classification tests, through the analysis of test results, and found that the test results of many 
products are different from the classification listed on the Default Table. After comprehensive 
analysis of test results, it has significantly reduced the required test quantity, lower testing 
cost and determine the fireworks classification accurately by improving the Default Table. 
 

ANALYSIS OF FIREWORKS DANGEROUS CHARACTERISTICS 
 
Main hazard level 
The judgment criteria of Test Series 6 on United Nations Small Orange Book list 
corresponding different kinds of hazard level. The fireworks may have the following hazard: 
1) Mass explosion hazard: samples occurring instantaneous explosion and producing blast to 

cause personal injury or property damage. 
2) Projection hazard: the burning projection emanating from the samples is thrown to a 

certain distance to cause personal injury or resulting in a fire etc. 
3) Thermal hazard: samples producing certain thermal flux to cause body burns or resulting 

in a fire etc. 
 
The hazardous characteristics of typical fireworks 
The hazardous characteristics of typical fireworks are shown in Table 1. 
 

Table 1 The hazardous characteristics of typical fireworks 
Type of fireworks Consumption category Hazardous characteristics 

Shells Display fireworks Mass explosion hazard/projection hazard 
Roman candle, shot tube, 
rocket, mine, wheel etc. Display fireworks Mass explosion hazard/projection hazard 

Roman candle, shot tube, 
rocket, mine etc. Consumer fireworks Projection hazard 

Sparklers、Fountain Consumer fireworks Projection hazard and thermal hazard 

Other small fireworks Consumer fireworks Thermal hazard 
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Classification test results of typical fireworks 
8″ Shell 

8″ Shell (Peony) 
Pyrotechnic substance: burst charge (chaff black powder 750 g), stars (1500 g), lift 
charge (210 g) 
Test evidence: mass explosion occurs 
Test result: 1.1G 

 
8″ Shell (Smile face) 
Pyrotechnic substance: burst charge (chaff black powder 600 g), stars (1500 g), lift 
charge (210 g) 
Test evidence: no mass explosion but the projections exceed 15 m 
Test result: 1.3G 
It is seen by the test results that 8″ Shell normally is 1.1G, but the artificial (pattern) 
shells with special effects may be 1.3G. 

 
6″ Shell 

6″ Shell (Peony) 
Pyrotechnic substance: burst charge (2 g flash composition +350 g chaff black powder), 
stars (700 g), lift charge (90 g) 
Test evidence: mass explosion occurs 
Test result: 1.1G 

 
6″ Shell (Peony) 
Pyrotechnic substance: burst charge (chaff black powder 350 g), stars (700 g), lift charge 
(90 g). 
Test evidence: mass explosion occurs. 
Test result: 1.1G 

 
 

6″ Shell (Peony) 
Pyrotechnic substance: burst charge (chaff black powder 350 g), stars (700 g), lift charge 
(90 g). 
Test evidence: no mass explosion but the projections exceeds 15 m 
Test result: 1.3G 

 
6″ Shell (Smile face) 
Pyrotechnic substance: burst charge (chaff black powder 300 g), stars (180 g), lift charge 
(90 g). 
Test evidence: no mass explosion but the projections exceeds 15 m 
Test result: 1.3G 

 
It is seen based on the test results that if a 6″ Shell contains a flash composition bursting 
charge, the classification should be 1.1G. If it contains a black powder bursting charge, it may 
be 1.1G or 1.3G, but 6″ artificial (pattern) shells may be 1.3G. 
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Combination fireworks combined by shot tubes 
Combination fireworks combined by 3″ shot tubes 

Inner diameter of tube: 75 mm 
Pyrotechnic substance: burst charge (2 g flash composition +28 g chaff black powder, 
≤25% flash composition), stars (80 g), lift charge ( 18 g). 
Test evidence: no mass explosion, no perforation of witness screens but with indentation 
of more than 4 mm, the burning projections are thrown more than 15 m and the thermal 
flux measured at the distance of 15 m from the edge of packages does not exceed 4 
kW/m2. 
Test result: 1.3G 

 
Combination fireworks combined by 1.2″shot tubes 

Inner diameter of tube: 30 mm 
Pyrotechnic substance: burst charge (black powder), stars, lift charge 
Test evidence: no mass explosion, no perforation and no indentation of witness screens 
of more than 4 mm, the burning projections are thrown more than 15 m. 
Test result: 1.3G 

 
It is seen according to the test results that if the inner diameter of the tube is >50 mm, the 
classification of combination fireworks still can be assigned to 1.3G. If they do not contain 
flash composition but the projections are thrown very far away from the edge of packages, 
the classification should be 1.3G. 
 
Sparklers 

Specification: 7″, Powder mass: 7.4 g, Packing: 50/5 
Pyrotechnic substance: Nitrate based composition 
Test evidence: no mass explosion, the burning projections are thrown not more than 1 m 
and the burning time >330 s/100 kg, the thermal flux measured at the distance of 5 m 
from the edge of packages does not exceed 4 kW/m2.  
Test result: 1.4S 

 
Flash banger 
Large-size flash banger 

Pyrotechnic substance: flash composition consisting of KClO4 and Al+Mg Alloy 
Powder mass: 32 g/piece 
Packing: 20/5 
Test evidence: no mass explosion 
Test result: 1.1G 

Middle-size flash banger 
Pyrotechnic substance: flash composition consisting of KClO4 and Al+Mg Alloy 
Powder mass: 4 g/piece 
Packing: 20/10/5 
Test evidence: no mass explosion, no perforation and no indentation of witness screens 
of more than 4 mm, the burning projections are thrown not more than 15 m. 
Test result: 1.4G 
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CLASSIFICATION COMPARISONS OF TEST RESULTS AND DEFAULT TABLE 
FOR TYPICAL FIREWORKS 

 
The classification comparisons are shown in Table 2. Through comparative analysis, it is 
shown that: 
1. According to the Default Table, 8″ Shells are all 1.1G, but actually the shell containing 
little burst charge with special effect (pattern) is 1.3G. 
  
2. 6″ Shells normally assigned to 1.3G (except report shells) by the Default Table, but in fact 
except shells containing little burst charge with special effect (pattern) can be determined as 
1.3G, the classification of other shell should be determined by test. 
  
3. For Roman candle, shot tube and Combination fireworks combined by shot tubes, 50 mm 
inner diameter should not be as the critical value to determine if it is 1.2G. Actually, 3″ 
Combination fireworks still can be 1.3G. Similarly, black powder cannot be used as the 
criteria for determining whether it is 1.4G, because the product effects determines if the 
projection distance would be more than 15 m. Therefore, the classification of Roman candles, 
shot tube, and combination fireworks, even using black powder as the bursting charge, should 
be 1.3 G. 
  
4. According to the test results, the classification of Sparklers and other low hazard fireworks 
can be 1.4S, but no fireworks are stipulated as 1.4S in the Default Table. 
  
5. Flash bangers may produce mass explosion and be destructive, but as long as there is no 
mass explosion, the danger is small, and they can be classified as 1.4 G, or possibly 1.4S, and 
meanwhile, it is not appropriate to use 2-g as a critical value to determine if it is 1.1G. The 
powder weight can be appropriately increased. 
 

Table 2 - Classification comparisons of test results and default table for typical fireworks 

Type Specification 
(Effect) 

Pyrotechnics 
substance 

Powder 
mass 

Classification 
of Test 
Results 

Classification 
of Default 

Table 
Shell 8″ Peony Black bust charge 750 g 1.1G 1.1G 

Shell 8″ Smile face Black bust charge 600 g 1.3G 1.1G 

Shell 6″ Peony 
Flash 
composition+black 
burst charge 

2 g+350 g 1.1G 1.3G 

Shell 6″ Peony Black bust charge 350 g 1.1G/1.3G 1.3G 

Shell 6″ Smile face Black bust charge 300 g 1.3G 1.3G 

Combination 
fireworks 3″ Shot tube 

Flash 
composition+black 
burst charge 

2 g+28 g 1.3G 1.2G 

Combination 
fireworks 1.2″ Shot tube Black burst charge 4 g 1.3G 1.4G 

Sparklers 7″ Nitrate based 7.4 
g/piece 1.4S 1.3G 

Flash banger / Perchlorate based 
flash composition 17 g/piece 1.1G 1.1G 

Flash banger / Perchlorate based 
flash composition 

4.5 
g/piece 1.4G 1.1G 
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TEST RESULTS AND DISCUSSION 
 
1. The hazard classification of fireworks is closely related to the article’s specifications, 
effects, pyrotechnic composition, and powder weight. For small fireworks items, it is also 
related to packing of the product. 
 
2. The hazard classification of part of the products shows a big difference with the Default 
Table, so the test results shall prevail to be used to determine the hazard classification for 
these items. 
 
3. It is necessary to encourage the parties to provide full test evidences to modify the Default 
Table. 
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ABSTRACT 
 
Firework shells which contain conductive metal particles are much more susceptible to 
electrostatic discharge than shells which do not. The discharge can occur when the shell is 
some distance from a conductive grounded surface. However a worst case (higher) discharge 
will occur with the shell on grass, on a metal table (grounded or not) or on a metal floor (with 
or without insulating carpet or tiles). 
 
This paper shows that with a continuous discharge to a small sample of black powder on top 
of an inert substance containing 50% large aluminum flakes, that the black powder can be 
ignited. 
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INTRODUCTION 
 
Electrostatic Discharge (ESD) is the sudden and momentary electric current that flows when 
an electrically insulated object, such as the human body, has an excess of electric charge 
stored on it and either touches or is in close proximity to a surface at a different potential. In 
reality it may be the object which has an excess of charge and the human body, at a neutral or 
ground potential, discharges it. This latter case is experienced when a person touches an 
automobile which has been charged by friction as the air flows over its surface. ESD is most 
frequently experienced when the humidity is low. The moisture in the air forms a thin layer 
on any material and can increase its electrical conductivity, i.e. reduce its resistance. Thus on 
a humid day the charge on an object dissipates more readily through the increased 
conductivity. 
 
Another way to generate a charge is when two materials which are initially in contact are 
separated. Whereas the most likely mechanism for electrostatic charge build up is by the 
tribolectric effect, this is due to friction and is seen when a person shuffles over a carpet, in 
which case the voltage developed can be as high as 35 kV. Another possible source is when 
handling plastic material. For example when the firework crew is laying out cable the action 
can generate static due to friction as the cable is passed from hand to hand. Wearing rubber 
boots or shoes with rubber soles will increase the electrostatic voltage developed. Another 
scenario is when pulling plastic sheeting from mortar racks etc. 
 
 

ESD DISCHARGE TO METAL PARTICLES IN A FIREWORKS SHELL 
 
The effect of an ESD to the head of e-matches was tested and reported in Reference 1. The 
susceptibility was dependent on whether the shroud was left on the e-match head and the 
manufacturer of the e-match. For example for one e-match the match was ignited with 10 kV 
to the shroud whereas with the shroud removed the match ignited at 6 kV. For the second 
make the e-match was immune up to 17 kV with the shroud in place or removed. 
 
The tribolectric effect is not only seen with carpets but other materials and the voltage at 
different relative humidity (RH), as shown in Table 1. 
 

Table 1 - Typical triboelectric electrostatic voltages for various actions and materials 
Means of generation Electrostatic voltage 

/V 
10-20% RH 65-90% RH 

Walking on carpet 35,000 1,500 
Walking on vinyl 12,000 250 
Working at bench 6,000 100 
Poly bag picked up at bench 20,000 1,200 
Work chair padded with foam 18,000 1,500 
Walking on standard epoxy floor 20,000 10,000 
Walking on performance ESD floor 
with proper ESD footwear  

<15 <15 

 
The performance ESD floor is a polymer floor manufactured by Sika Industrial Flooring, 
Lyndhurst NJ.  Proper ESD footwear has an electrical resistance which will leak away charge 
without an ESD event. Conductive straps around regular footwear and touching the ankle can 
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also be used for the same purpose. Fireworks personnel may consider the use of these straps 
to ensure that charge is not built up. 
 
In addition to these effects charge can be created by induction when an object is in close 
proximity to a high electric field such as a high power transmission line. When a conductive 
structure such as a metal building is close to a high voltage power line sparking can occur as 
a door is opened or closed and an analysis in Reference 2 provides the length of spark and 
current flow in steel to steel and aluminum to aluminum plates for typical fields. 
 
When a human body is close to a high voltage power line they can be exposed to an electric 
(E) field as high as 11,000 V/m at 50 or 60 Hz and this can build up a charge on the body. 
The voltage to which the person can be charged is based on the typical capacitance of an 
adult which is 70 to 300 pF. 
 
In touching an object containing metal, and here we assume a fireworks shell with metal 
particles, an ESD discharge can occur and the magnitude depends on the voltage of the 
object, its capacitance and the proximity of the object to a second metal structure and the path 
if any to earth ground or safety ground. 
 
Even when the shell is isolated from ground an ESD event will occur but at much lower 
magnitude than when the shell is close to ground. The reason is that the many metal particles 
have capacitance. When the human body touches the shell some of the charge in the 
capacitance of the body flows to charge up the capacitance of the shell. This transfer occurs 
through the insulation of the shell casing. 
 
The shock obtained from standing in an 11,000 V/m field is reported to be unpleasant, to very 
unpleasant, and 50% of the people found exposure to a 10,000 V/m field painful. 7% of 
people tested could perceive the discharge with a field strength of 5000 V/m. Measuring the 
static discharge due to perception is very subjective as it depends on gender, age, sensitivity 
and current path to ground, but it should provide a worst case for the discharge voltage. 
Based on the perception of the discharge, the electrostatic voltage when a human is exposed 
to an 11,000 V/m field, ranges from 3 kV to 50 kV. 
 
If the firework display is in a field in close proximity to a high voltage transmission line and a 
member of the crew is close to the line then a voltage is developed across the body of the 
crew member. If a shell is in contact with the ground and then touched by the crew member a 
discharge will occur at a repetition rate of 20 – 16.7 ms. However the likelihood of someone 
setting up a display close to a transmission line seems remote, plus it is against regulations. It 
is much more likely for the tribolectric effect to build up a static voltage on a person. 
 

control cables

Rubber boots
or soles

Grass

 
Figure 1 - Shell on grass with a charged firing crew 
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The practical locations where a discharge to a shell may occur are with the shell: 
1. On a table with a metal surface as shown in Figure 2 (the table top does not need to 
be grounded). 
2. On an insulator in proximity to a metal which is grounded to safety ground e.g. 
copper or steel plumbing, metal lighting fixtures, power transformers, drills, lathes, 
fixed heavy machinery, switchgear etc. as shown in Figure 3. 
3. On an insulator, which is directly in contact with a metal floor, e.g. tiles on the 
floor of a metal building, such as a storage building or shipping container (Figures 4 
and 5). 
4. On a shelf in a metal cabinet or cupboard as shown in Figure 6 (cabinet does not 
need to be grounded) 

 
Metal top table

Insulated floor       

Metal plumbing,

~1m

surface
table

Insulated

switch gear,
grounded
machinery.

Insulated floor.  
 

Figure 2 - Shell on isolated metal tabletop    Figure 3 - Shell on insulated table close to metal 
plumbing, switch gear, or grounded machinery 

 
 
 
 
 

Metal container
or room

Metal floor Insulated floor
eg. tiles in contact with floor   

Cardboard
box

Metal surface
(grounded or ungrounded)  

Figure 4 - Shell on tiled metal floor Figure 5 - Shell on cardboard box above metal surface 
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Insulated floor

Metal cabinet

 
Figure 6 - Shell in metal cabinet 

 
The likelihood of a discharge to a shell which does not contain metal particles is very remote. 
If we assume a shell resting on a conductive surface then a charge can travel through the shell 
to the underlying surface but due to the diameter of the shell the distance between the point of 
contact and the metal is typically too large for an electrostatic breakdown. Also the voltage 
required for such a breakdown through an insulator is higher than that for air for a given gap 
length. As an example the smallest diameter of a 50 mm shell is at the base where the lift 
charge is located. This distance is typically 30 mm. For a discharge through a similar 
insulator placed on a brass ground plane a contact voltage of 105 kV is required for a 
breakdown which is well above the maximum of 35 kV for human body electrostatic voltage. 
 
A human body model test generator, otherwise known as an Electro-Static Discharge (ESD) 
gun is used to test the effect of “Human Body Discharge” and this is described in the 
document IEC 61000-4-21. This specifies specific component values for the energy storage 
capacitor and discharging resistor that most closely approximate the discharge path of the 
human body. The storage capacitor in the generator is 150 pF whereas the typical human 
body value is as high as 300 pF and at the extreme 500 pF. Thus the actual human body 
discharge may generate either a higher current or a longer duration than the ESD generator. 
The series resistor in the IEC 61000-4-2 is 330 Ohms.  
 
The ESD generator used to test the discharge to squibs has a capacitance of 500 pF and a 
series resistance of 5000 Ohms. Thus the peak current is lower but the duration of the 
discharge is longer. The IEC 61000-4-2 generator can generate a contact discharge in which 
the test probe is held in contact with a metal surface and then a switch is made or an air 
discharge. In the air discharge mode a switch is used to charge the capacitor and then opens 
and the charged electrode is then brought slowly to the unit under test, which is always an 
insulator or metal covered in insulation. At some distance a spark to the unit under test is 
generated. As the metal particles are contained in a paper shell case which is an insulator the 
air discharge test was performed. 
 
In the testing described here a Key Tech MiniZap model MZ-15/EC was used for the testing. 
This model can generate voltages up to 15-16 kV and so as the human body can be charged 
as high as 35 kV the testing was not the worst case with this generator. A second generator 
was built with a maximum voltage at 28 kV. 
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Despite the maximum 15-16 kV used in the original tests, ESD events were recorded with the 
metal particles in the inert mixes described in a separate paper2. Figure 7 shows the Key Tech 
ESD generator and the shell case with the mix. 
 
Each of the samples described in Reference 2 and reproduced in Table 1 was tested. The 
minimum voltage at which a spark occurred with the probe in contact as well as the 
approximate spark length at +/-16 kV and these are recorded in Tables 2 and 3. 
 
The magnesium was tested out of doors as shown in Figure 8. After multiple discharges the 
magnesium was not ignited. The spark length was approximately 4 mm. The approximate 
length of the spark at 16 kV and the voltage required when the probe is in contact with the 
case of the shell to initiate an ESD event is shown in Tables 2 and 3. 
 
An ESD event was seen with all mixes of inert material and metal particles when the dummy 
shell is placed in all of the typical locations shown in Figures 1 to 6. Whereas, no ESD 
occurred with a purely inert material. 
 

 
Figure 7 - ESD generator and inert material with metal particles under test. 

 
Table 1 - Material under test 

Mixes tested 
45% sawdust 27.5% coarse aluminum flake and 27.5% magnalium 

75% sawdust 25% cast iron grit 
50% washing powder 50% coarse aluminum flake 
50% washing powder 50% fine aluminum powder 

75% sawdust 25% coarse aluminum flake 
50% sawdust 50% magnesium 
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Figure 8 - Magnesium test out of doors 
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Table 2 - Air discharge voltage and spark length at 16 kV 
Material under 

test 
Test conditions Distance 

for 
breakdown 

at 16 kV 
(mm) 

Air  
discharge 

voltage 
 

(kV) 
50% large flake 

aluminum in WP 
Shell casing in contact with brass ground 

plane 
8 8 

50% large flake 
aluminum in WP 

Shell case insulated from ground  
by 4.5 mm 

8 8 

50% large flake 
aluminum in WP 

Shell case on cardboard box 30cm above 
ground plane 

- 12 

50% large flake 
aluminum in WP 

Shell case on 0.75 x 1.06 m brass ground 
plane isolated from ground 

6 8 

50% large flake 
aluminum in WP 

Shell case on grass 5 5 

33% large 
aluminum flake 

75% SD 

Shell casing in contact with brass ground 
plane 

5 12 

33% large 
aluminum flake 

75% SD 

Shell case on grass 4 
 

7.5 

45% SD 27.5% 
magnalium  
27.5% large 

aluminum flake 

Shell casing in contact with brass ground 
plane 

7 6 

45% SD 27.5% 
magnalium  
27.5% large 

aluminum flake 

Shell case insulated from ground  
by 4.5 mm 

6 9 

45% SD 27.5% 
magnalium  
27.5% large 

aluminum flake 

Shell case on cardboard box 30 cm above 
ground plane 

- 12 

45% SD 27.5% 
magnalium  
27.5% large 

aluminum flake 

Shell case on 0.75 x 1.06 m brass ground 
plane isolated from ground 

7 7.5 

45% SD 27.5% 
magnalium  
27.5% large 

aluminum flake 

Shell case on grass 5 7.5 
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Table 3 - Air discharge voltage and spark length at 16 kV 
Material under 

test 
Test conditions Distance 

for 
breakdown 

at 16 kV 
(mm) 

Air 
discharge 

voltage 
 

(kV) 
25% iron grit –n 

25% SD 
Shell casing in contact with brass ground 

plane 
5 10 

25% iron grit –n 
25% SD 

Shell case insulated from ground  
by 4.5 mm 

3 12 

25% iron grit –n 
25% SD 

Shell case on cardboard box 30cm above 
ground plane 

- 16 

25% iron grit –n 
25% SD 

Shell case on 0.75 x 1.06 m brass ground 
plane isolated from ground 

4 8 

25% iron grit –n 
25% SD 

Shell case on grass 2-3 10 

50% small 
aluminum flake 505 

WP 

Shell case in contact with brass ground 
plane 

4-5 7 

50% small 
aluminum flake 505 

WP 

Shell case insulated from ground  
by 4.5 mm 

4 12 

50% small 
aluminum flake 505 

WP 

Shell case on cardboard box 30 cm above 
ground plane 

- 14 

50% small 
aluminum flake 505 

WP 

Shell case on 0.75 x 1.06 m brass ground 
plane isolated from ground 

4-5 8 

50% small 
aluminum flake 505 

WP 

Shell case on grass 4-5 7 

50% magnesium 
50% SD 

Shell case on brass sheet connected to 
earth ground 

4  

SD = Sawdust 
WP = Washing powder 
 
 

DISCHARGE TO BLACK POWDER. 
 
The next step would be to use the second ESD generator, in which the probe head could be 
replaced in the event of an explosion, to test shells. The High Voltage (HV) switch is 
activated by a dc voltage and so a very long wire would exist between the probe head and the 
switch. This means that the operator would be at a safe distance from the shell. Likewise the 
high voltage power supply connected to the probe head would also be connected using long 
HV wires to the probe head and the power supply could be covered in sand bags. 
 
No test facility was available to test shells and so instead an insulator with a small gap in the 
center was placed on top of the inert mixture with particles. A very small amount of black 
powder was held in place in the gap by Scotch tape with an approximately 3 mm x 3 mm hole 
cut in the tape.  
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With the shell case in contact with a metal ground plane, the second ESD generator was used 
to cause a discharge to the black powder. With single pulses at 28 kV, as generated by the 
human body, no ignition of the black powder occurred, however with multiple discharges 
every 2 ms at 28 kV, the black powder did ignite. The result is shown in Figure 9. 
 
 

 
Figure 9 - The shell with inert material and 50% large aluminum particles after ignition of 

the black powder 
 
 

CONCLUSIONS 
 
The fact that ESD discharges readily occurred to the inert materials with conductive particles 
does not mean that a human body discharge will result in an explosion. However with a 
continuous discharge to black powder ignition did occur and so a single discharge to a more 
sensitive composition may do likewise. 
 
A continuous discharge will also occur for the case where a crew member is close to a 
transmission line and it remains to be seen if the energy in this discharge is sufficient to cause 
a shell to explode. This will be the subject of a further investigation. Also test on fireworks 
shells using the 2nd ESD generator will be conducted once a suitable test facility is found. 
 
It is known that an ESD discharge to an e-match can result in ignition3, and so it is 
recommended that before handling e-matches and fireworks shells, particularly on a dry day 
and when handling plastic sheet or cables, that the fireworks crew first touch earth ground or 
a wire which is connected to safety ground so as to dissipate their charge. 
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ABSTRACT 
 
The field of Human Factors Engineering aims to understand the interaction between humans 
and the systems with which they work, with the purpose of enhancing performance, safety 
and satisfaction (Wickens et al,1). Although the scope of Human Factors is broad, one area 
the author believes deserves particular focus and attention is the area of human error and its 
contribution to system safety.  
 
Human Factor principles were used in the development of software for transport 
classification applications for US Consumer Fireworks. This paper describes the process of 
developing the Cloud-based software by Pyromanager Co Ltd, an approved Fireworks 
Certification Agency in the USA and reports on its success in reducing errors and non-
conformities during the application process. Although errors in the case of making transport 
classification applications may not be related to safety in the short-term, the exercise of 
applying these principles highlights the value of the field human factor engineering to the 
assessment and development of operational systems in the fireworks industry. 
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INTRODUCTION 
 
The field of Human Factors Engineering aims to understand the interaction between human 
and the systems with which they work, with the purpose of enhancing performance, safety 
and satisfaction (Wickens et al,1). The scope of Human Factors is broad, drawing on the 
disciplines of psychology, engineering and ergonomics whilst encompassing human and 
environmental factors in equipment design, task design, environmental design, training and 
selection.  
 
Although safety management is important in any workplace and public circumstance, it is 
especially so in circumstances where the consequence of incidents and accidents are major 
and even catastrophic. For this reason research into Human Factors is highly developed in the 
mining, medical, nuclear power and aviation industries (Yeow et al2). For example, 70-80% 
of all civil and military aviation accidents implicate human error as a cause (Shappell and 
Wiegmann3). It is for this reason that the author believes the field of Human Factors has 
significant application to the field of fireworks and pyrotechnics (which in this paper will be 
referred to simply as ‘fireworks’). One area the author believes deserves particular focus and 
attention is the area of human error and its contribution to system safety. A case study will be 
presented on the development of software for transport classification applications for the US 
Consumer Fireworks. 
 
 

SYSTEMS APPROACH TO HUMAN ERROR 
 
Wickens et al,1 define error as ‘inappropriate human behavior that lowers levels of system 
effectiveness or safety’. Whilst attention is often focused on human operator error, or what 
Woods et al.4,5 refer to as the ‘sharp end’ of the system, there are many other factors within a 
system that contribute to operator error. As DiMattia, Khan and Amyotte6 note, in order to 
take this systems approach: 
 
 ‘…human error must first be removed from the emotional domain of blame and punishment 
and placed in a systems perspective. With this viewpoint, human error is treated as a natural 
consequence arising from a discontinuity between human capabilities and system demands. 
The factors that influence human error can then be recognized and managed.’ 
 
Types of Errors 
In its simplest terms human error can be classified as either errors of commission, where a 
person does something they should not have done, or errors of omission, where a person fails 
to do something that should have been done (Wickens et al,1). This classification explains 
what the error was but does not provide an understanding of why the error occurred. Whilst 
defining whether an error was intended (ie, a violation) is obviously important, the focus of 
this paper will be on unintended errors and their causes. 
 
The types of human error that can occur can been grouped into two areas: skill-based errors 
and mistakes (Wickens et al,1; HSE7). Each of these types of errors will now be described. 
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Skill-based errors arise through what have been described as either slips or lapses. These 
types of errors are distinguished by the fact they can occur during the performance of familiar 
task that often do not require much conscious attention and often occur when our attention is 
diverted (HSE7). Most slips are commission-type errors, ie, someone does something they 
should not have done. An example of a slip in a fireworks manufacturing process may be a 
process worker adding lift charge twice to a battery/cake device shot tube. These types of 
errors can be the result of poor displays, controls or systems (Wickens et al,1). 
 
Lapses, however, are omission-type errors, ie, when someone has not done something they 
should have. An example of a lapse is may occur in a fireworks manufacturing process may 
be a process worker not adding any lift charge to the battery/cake device shot tube. Lapses 
can be the result of failure of prospective memory, which is a form of memory that involves 
remembering to perform a planned action or task at some future point in time (Wickens et 
al,1). 
  
In contrast to skill-based errors, mistakes or decision-making failures, can be the result of a 
breakdown or lack of understanding of knowledge (or knowledge-based errors) and rules (or 
rule-based errors) (Wickens et al,1; HSE7). Knowledge-based errors by an operator occur as a 
result of a lack of understanding and/or perceiving a situation incorrectly. Using the example 
of the fireworks process worker adding lift charge to a battery/cake shot tube, a knowledge-
based error could be the worker not being told how much lift charge to deliver. 
 
Rule-based errors occur when an operator misinterprets, misunderstands or misapplies a rule 
governing their behavior. Again using the example of the fireworks process worker, a rule-
based error could be the process worker not hearing or understanding the instruction on how 
much lift charge to deliver. 
 
Factors Affecting Human Error 
There are a multitude of factors that can affect the prevalence of human error. Yeow et al.2, in 
a study of manufacturing industries in Malaysia demonstrated a positive correlation between 
human error and the effects of repetition, work environment and fatigue. Wickens et al,1 also 
describe how poor workplace climate, poor maintenance and management attitudes 
overemphasizing productivity can form cumulative preexisting conditions that facilitate 
human error. The phrase “an accident waiting to happen” can best describe this circumstance 
and can also be tied to the “safety culture” of an organization (Wickens et al,1). 
 
A detailed description of each of these factors and their impact on the many facets of the 
fireworks industry is, in the opinion of the author extremely valid and important. To highlight 
this point the author would like to briefly focus on one of these factors: repetition. Colombini 
and Occhipinti8 defined a repetitive task as one that is repeated for a minimum or 60 minutes 
at a time. As Yeow et al.2 demonstrated in their study, repetition can cause workers to feel 
tired which in turn can lead to losing concentration. In the context of fireworks, repetition can 
be identified in many fireworks related tasks, ranging from fireworks manufacturing (eg 
filling shot tubes with lift charge), to fireworks display set-up (eg, loading shells), and to 
creating technical data (eg filling out forms and technical details). 
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CASE STUDY: 
DEVELOPING CLOUD-BASED SOFTWARE FOR MAKING AND REVIEWING 

TRANSPORT CLASSIFICATION APPLICATIONS 
 
The author has intended to provide a brief introduction to Human Factors principles and to 
suggest that the field could have a significant and important application to the fireworks 
industry. This section will describe how human factors principles were applied during the 
process of developing Cloud-based software for making and reviewing fireworks transport 
classification applications. 
 
Background 
In July 2013 the US Department of Transportation Pipeline and Hazardous Material Safety 
Agency (PHMSA) changed its regulations to allow third party Firework Certification 
Agencies (FCA’s) to classify and certify Division 1.4G consumer fireworks (as defined in 49 
CFR §173.6) for transportation without prior laboratory examination if the manufacturer 
certifies that the fireworks conform to the requirements in the American Pyrotechnic 
Association (APA) Standard 87-1. Prior to this, applicants (whom must be fireworks 
manufacturers) could only make their applications directly to PHMSA. PHMSA receives 
large numbers of applications annually. For example, in 2014 they received 9,507 fireworks 
applications of which 2,389 were denied due to errors, with 730 rejected outright (PHMSA9). 
These figures (Table 1) indicate that fireworks manufacturers (most of which are from China) 
have significant problems in making applications, leading to time delays in processing, 
increase processing costs as well as adverse commercial costs to manufacturers. 
 

Table 1 – PHMSA EX Application results 2010-2015* (PHMSA9) 
  2010 2011 2012 2013 2014 2015* 
Approve 3,901 8,143 8,937 7,229 6,388 3,751 
Deny 6,617 6,371 4,648 3,685 2,389 1,513 
Reject 1,000 1,841 1,978 654 730 200 
Total 11,518 16,355 15,563 11,568 9,507 5,464 

                         *Year to date as of 2nd July 2015 
 
 
 
 
 
At present there is no quantitative data on the types of denials that occur. Anecdotal reports 
indicate that the most common types of non-conformities include (and not in any particular 
order): 

1. CALCS (Errors of calculation) - such as when formulas described in percentage did 
not add up to 100% 

2. CONFLICTS (Conflicting information) - when information in one part of an 
application conflicted with information presented in another part 

3. DNC’s (Did not comply to category requirements) - where the technical details in the 
application did not meet the requirements for the category being applied for  

4. MIA’s (Missing information) - information required by the application process was 
missing 
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5. TYPO’s (Typographical errors) - such as incorrect spelling or naming conventions 
 
The categories of non-conformities described above have been made by the author and do not 
reflect formal terminology used by PHMSA. These have been classified based on anecdotal 
reports. The source of these anecdotal reports has included the author’s discussions with 
applicants whom have received denials, as well as presentations made in recent years by 
PHMSA at the annual conferences of the APA, where the author was present. 
 
Pyromanager Co Ltd (Pyromanager™) is a business management software development 
company as well as an approved Firework Certification Agency (FCA) whose FCA business 
model is to accept and process FC applications based on its proprietary Cloud-based 
software. This involves applicants entering most of their technical data into a web-based 
software. The only technical files applicants submit via an upload function are the technical 
drawings. In order for the software to be effective and have value to applicants and 
application reviewers it had to be designed to limit the number of errors applicants made 
during that the process of making transport classification applications. With this in mind the 
Pyromanager developers applied Human Factor principles to this development process.  
 
Applying Human Factor Principles 
The first step in developing an improved system for application delivery and review was to 
define the potential non-conformities (NC’s) that may occur. Using the anecdotal data 
described, these potential NC’s were categorized and placed into a matrix with human error 
types (Table 2.)  
 

Table 2 – Application NC Categories and Human Errors Matrix 
 Error Types 
 Slips Lapses Rule-based Knowledge-based 
NC Categories     
1. CALCS X X   
2. CONFLICTS X X   
3. DNC’s X X X X 
4. MIA’s  X X X 
5. TYPO’s X X  X 

Calculation errors (CALCS) usually occurred when figures requiring a total number were not 
calculated properly. This often is evident with chemical formula percentages as well as total 
powder weights. These types of errors are potentially due to both slips (eg adding numbers 
where they did not belong) and lapses (eg not checking that chemical formulation totals add 
up to 100%) 
 
CONFLICTS are generally evident from inconsistencies in data presented, both as slips (eg 
technical drawing for an aerial shell indicating a pistil effect that should not be present and 
therefore its powder weight is not represented in the data) and lapses (eg an aerial shell 
drawing intentionally indicating a pistil effect but whose powder weight is not represented in 
the data). 
 
DNC’s, or ‘Did Not Comply to Category Requirements’ is a general category that is defined 
by the technical specifications in an application not meeting the definition of the category of 
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device it is being applied for. An example may be an applicant applying for a Roman Candle 
Combination that does not demonstrate to have the required base/height ratio. This could be 
due to a slip (forgetting to add the required dimension), a lapse (forgetting it is a 
requirement), knowledge-based error (not knowing it is a requirement) or a rule-based error 
(not understanding that even though the device had a spike, which is acceptable for a single 
Roman Candle, as a Combination it still needed to meet the base/height ratio requirement). 
 
MIA’s, or Missing Information, is just that required information that is missing from an 
application. An example may be an applicant applying for a 500-g category Mine & Shell 
Device (aka battery/cake) but not having the required tube separation noted in the drawing. 
This could be due to a lapse (forgetting to note this), a knowledge-based error (not knowing it 
is a requirement) or a rule-based error (not realizing that in a fan-shaped device the 
requirement applies to the bottom tube separation as well as the top tube separation). 
 
TYPO’s, or typographical errors are most often caused by slips (wrong spelling) and lapses 
(not adding words where you should) and can be the result of language issues that affect 
terminology, and hence become knowledge-based errors (using the wrong word to describe a 
burst charge). 
 
System Design 
Identifying the potential NC’s and likely causes provides a foundation for designing the user 
interface for the software. However before starting on designing a user interface, 
Pyromanager™ determined that the system should be smart, insofar as ‘knowing’ each device 
requirements. As such the system would become more than a template for making an 
application and in fact assists and alerts the applicant in identifying slips and lapses as they 
happen, whilst contributing with the knowledge-base and the rules for each device 
requirement. Therefore the first step was developing the necessary software programming so 
that the requirements for all devices were captured within the software. This provided the 
foundation for developing the user interface. 
 
To develop this interface, the body of an application was broken down into its key parts and 
segregated so as to establish a step-by-step application process. As such these key steps were 
determined to be: 
 

1. Name & Category - defines the code and name of the device, but more importantly 
defines the Category. Based on the Device requirements the applicant is asked to 
complete information for the required effect 

2. General Details - defines dimensional data including rules related to dimensions such 
as tube separation and base/ height ratio 

3. Report Chemical Composition - defines the chemical formulation for Report 
compositions 

4. Lift Chemical Composition - defines the chemical formulation for Lift compositions 
5. Burst Chemical Composition - defines the chemical formulation for Burst 

compositions 
6. Effect Chemical Composition - defines the chemical formulation for Effect 

compositions 
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7. Build Tubes (or Shell or Item) - adds the relevant  contents (ie 
Report/Lift/Burst/Effects) in tubes/shells/items as well as the powder weights 

8. Upload Technical Drawing- applicants upload the drawing part of their application 
9. Thermal Stability Declaration - applicant makes the required thermal stability 

declaration 
10. Summary and Submission - provides a summary of the application upon which the 

applicant confirm and submits their application 
 
See Appendix 1 for a more detailed description of the application process. 
 
 

EARLY RESULTS AND DISCUSSION 
 
Between 01st May 2015 and 01st July 2015, 189 single applications were processed by 
Pyromanager™ from six different manufacturers (FC applicants). A further three applications 
were cancelled by applicants. FC applicants were all China-based manufacturers. It should be 
noted that a key difference between an EX application and an FC application is whereas a 
minor NC with a PHMSA application would lead to an EX application Denial and hence 
applicants would need to resubmit their application, FC applicants have the opportunity to 
rectify their NC. 
 
The general results showed that 51 different NC’s were identified during the application 
process. These were categorized as indicated in Table 3. Table 4 shows the NC types as a 
percentage of total NC’s. 
 

Table 3 – Examples of different NC’s identified during the application process 
 
 
NC type 

Examples No. of 
NC’s 

NC 
Categories 
(see Table 2) 

Error 
Type 

Technical 
Drawing  

weights on drawing not matching 
application 

2 CONFLICT Slips/ Lapses 

effects on drawing not matching 
application 

6 CONFLICT Slips/ Lapses 

parts on drawing not matching 
application 

3 CONFLICT Slips/ Lapses 

dimensions on drawing not matching 
application 

3 CONFLICT Slips/ Lapses 

part name not pointing to correct part 6 TYPO Lapses 
dimensions missing 1 MIA Lapses 
part name indicated but not listed 3 MIA Lapses 
tube separation info missing 2 MIA Lapses/ Rule-

based 
wrong metric used (cm vs mm) 3 TYPO Lapses 
not enough details 4 MIA Lapses/ Rule-

based 
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Table 3 (cont’d) – Examples of different NC’s identified during the application process 
Language 
related 

wrong spelling 4 TYPO Slips/ Lapses 
description not accurate 4 MIA Rule-based 
naming conventions 2 TYPO Rule-based 

Did Not 
Comply 

wrong category 3 DNC Knowledge-
based 

 fuse sequence 2 DNC Knowledge-
based 

 fuse sequence 2 DNC Knowledge-
based 

Data 
entry 

wrong chemical selected from 
dropdown list 

1 TYPO Slips 

 TOTAL 51   
 

Table 4 – NC Types as a percentage of total NC’s 
NC type No. of NC’s % NC’s 
Technical Drawing  33 64.7 
Language related 10 19.6 
Did Not Comply 7 13.7 
Data entry 1 2 

TOTAL 51 100 
 
The overall results so far show that the NC Categories were fairly evenly represented in the 
types of NC’s present, with the exception of CALCS which were all but eliminated since the 
software automates much of this process. It is when Technical Drawings are added to 
applications by the applicants that a majority of NC’s become evident. Based on early results, 
a majority of the NC’s (64.7%) present in applications were as a result of errors in the 
technical drawings uploaded by the applicants.  
 
The error types appear to be mainly related to Skills-based errors. This could be the result of 
the fact that tasks related to data entry and checking can be repetitive tasks that are affected if 
attention is diverted. This can especially be the case when large numbers of technical data are 
being completed at one time. The analysis of this early data indicates that the development of 
technical drawings should be a focus of training and education for applicants whereby rules 
for completing technical drawings and strategies for preventing slips and lapses could assist 
in reducing the number of NC’s present in FC applications. 
 
 

CONCLUSION 
 
This paper has provided a very general introduction to the field of Human Factors 
Engineering. A case study in applying Human Factor principles to the development of 
fireworks-related software showed how these principles can be applied to solving a problem 
that is mostly the result of human error. In doing this, there has been an attempt to define the 
types of potential NC’s and apply human factors principles in an attempt to understand these 
NC’s, thus providing an opportunity of applying appropriate remediation.  
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As Shimizu10 wrote in his paper on the rules of safety control, ‘The method of safety control 
must be simple’. In the author’s view making tasks simple yet accurate for workers and 
operators should be the goal for any fireworks related task, whether it be filling lift charge 
into a shot tube or submitting fireworks classification applications. Although the topic of this 
case study does not have short term safety issue related to it, the author suggests that the field 
of Human Factors has significant application to all facets of fireworks industry operational 
systems including but not limited to manufacturing, handling and firework display operation. 
 
As mentioned this paper is only a very brief introduction to the field and has only touched on 
issues of workplace culture which the author believes is also significant in an industry such as 
fireworks. The Human Factors field provides a good example of where theory can 
successfully meet, inform and improve practice. Opportunity lies in developing a body of 
research in the fireworks industry on how safety and performance is affected by human 
factors with the aim of informing training, education and quality management systems.  
 
After all, we’re only human! 
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APPENDIX 1 - SCREENSHOTS OF THE ONLINE APPLICATION PROCESS 
 
 
 
 

 
Figure 1 - The New Application landing page is the Name & Category step. Applicants are 

asked to define the Device Code, Name and Category. 
 
 
 
 

 
Figure 2 - Name & Category page after Mine & Shell Device Category has been saved. Note 

the application steps appear on the left hand side of the page.
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Figure 3 - Name & Category page after Sparkler Device Category has been selected. Note 

the application steps are different to a Mine and Shell Device. 
 
 
 
 

 
Figure 4 - The next step is the General Details page which asks for dimensional information 

relevant to a 500-g Mine and Shell Device, including rules and requirements related to 
dimensional requirements. 

 

 

 



514 

 
Figure 5 - See the General Details page for a Sparkler Device. Note the difference to Mine 

and Shell Device requirements 
 
 
 
 

 
Figure 6 - The Chemical Composition steps for Report, Lift and Burst each ask the applicant 
whether that particular part is in the device. Again, these steps only appear if they are relevant 

for that device. 
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Figure 7- When ‘Yes’ is selected, the applicant is instructed to enter the chemical 

composition for that part 
 
 
 

 
Figure 8- Chemicals and their percentage are added. The applicant cannot save or move to 

the next step if the total does not up to 100%. 



516 

 

Figure 9 - Once each step is completed, a summary page appears where the applicant 
confirms their application and submits it. 

 

 

Figure 10 - Once the application is submitted, a report is generated that combines all the 
submitted data and drawing into a report in a format acceptable to PHMSA. 
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ABSTRACT 
 
Envisioned by the late Mr. Cameron L. Starr, the NFA was founded in Kansas City, Missouri 
in 1994 by a group of fourteen US fireworks company owners. The primary purpose for the 
establishment of the association was to provide a collective voice for the many small, “mom 
and pop,” fireworks business operators in addressing government regulatory issues and 
concerns. It would also seek to provide input into the establishment of fireworks standards 
and codes. Since its inception to the present, the NFA represents both display and consumer 
fireworks business interests, and its membership is open to all fireworks companies, 
regardless of size, and to individuals interested in promoting innovation in and the safe use of 
all fireworks. 
 
In 2000, the NFA organized and held its first annual convention, entitled the “NFATrade 
Show” in Omaha, Nebraska. At that time, the membership numbered 156 and about 40 
registrants attended the convention. In 2002 the convention was renamed the “NFA Expo.” 
The 21 year old organization now has more than 1,200 international members. At the 2014 
NFA Expo, held in Branson, Missouri, the total attendance was 1,236, comprising  
international participants and the trade shown, at full capacity had 178 booths, with several 
more wait-listed. More than 30 fireworks displays, demonstrating new products were 
performed. Eight invited speaker seminars were conducted dealing with regulations and 
standards, fireworks technology, and one detailing the Mexican fireworks industry. The NFA 
has certainly grown in size and stature. 
 
This paper serves to further introduce the NFA to the international fireworks community. The 
NFA’s founding and developmental history, its accomplishments as an advocacy 
organization, its major role as a showcase for the fireworks trade, and its goals and 
aspirations, are presented and discussed.         
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INTRODUCTION 
   
America’s National Fireworks Association (NFA) has since its inception in 1993 been 
dedicated to the widespread availability and safe handling and usage of consumer and display 
fireworks in the United States.  
 
The NFA is a trade organization, incorporated in the state of Pennsylvania as a tax-exempt, 
non-profit corporation, “501(c)(3)”, and is headquartered in Kansas City, Missouri.   
 
It comprises fireworks companies and their representatives, fireworks clubs and their 
members, and individuals. Besides members in the US, members in China, Canada, the UK, 
Australia, Sweden, Mexico, Vietnam, El Salvador, and Surinam are included in the ranks.   
 
 

HISTORY 
 
As is the case with many trade organizations, the NFA was born in response to what was 
considered by many members of the US fireworks industry to be the overzealous, capricious 
and unfair enforcement of federal regulations by the US Consumer Product Safety 
Commission (CPSC) and the US Department of Transportation (DoT) in the early 1990s.  
Many fireworks distributors and retailers strongly felt that both the CPSC and the DoT were 
focused on eliminating consumer fireworks in the US, rather than working with the industry 
to promote safety in the transportation and end-usage of fireworks.  
 
Founding of the NFA 
No discussion of the NFA would be complete without mentioning its founder, the late 
Cameron “Cam” Starr.  Cam Starr was an impassioned, dedicated, innovative and often times 
an undeterred and impatient advocate for the American fireworks industry. He was an 
importer, distributor, retailer and manufacturer of display and consumer fireworks. He was 
involved in fireworks most of his life, from the age of 11 in 1947 until his death at the age of 
79, with only a few years absence from the business during that period1.  
 
Cam recounts in his “The History of the NFA2”, that in 1992 he had dinner with fireworks 
businessman, John Blogin (husband of coauthor Nancy Blogin (NB)) and another fireworks 
company owner.  During the evening, the discussion turned to fireworks and all the problems 
with government regulation that the industry was experiencing.  They decided a new, strong 
trade organization was needed to address these problems and that he would take the lead on 
its establishment.  
 
On August 20, 1993, Starr issued a clarion call to many fireworks companies in the US to 
join him in the creation of the new trade organization that would represent their business 
interests.  In response to initial inquires, he wrote in another letter, dated August 24, to 
“Fellow Fireworks Lovers;”  
 
To clear up possible misunderstandings: We are not striving to eliminate valid regulations 
genuinely contributing to safety. We do wish to eliminate regulations that create little but 
headaches and result in unlevel playing fields. We want everyone treated equally. 
 
Thirteen owners of the fireworks companies contacted, responded and agreed to meet with 
Starr on September 11, in Kansas City, MO to formalize the new organization. Cam’s initial 
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title for the group was, the “United Fireworks Firms of America.” At the meeting, it was 
decided the organization would be incorporated in the state of Pennsylvania as a non-profit, 
Limited Liability Corporation (LLC), its headquarters would be in Kansas City, and that it 
would be entitled, the National Fireworks Association (NFA). Full and Associate 
membership categories and the attendant dues were established along with several other 
organizational details, and Cam Starr would serve as the NFA’s first president.  The initial 
goals of the NFA were memorialized in the meetings minutes3 and included, (1) to provide a 
voice for the entire US fireworks industry, (2) establish uniform and reasonable regulatory 
fireworks standards and associated testing procedures across all government agencies, and (3) 
make accountable all duties, tariffs and surcharges, and fees as they apply to the fireworks 
industry.  It was not to be a social group, but an organization dedicated to the welfare of the 
US fireworks industry. 
 
Starr and the other 13 participants in that first meeting clearly understood the important roles 
the USCPSC and the USDoT play in ensuring respectively, the safe use and transportation of 
fireworks. They did not question the authority of these two federal agencies, but sought only 
to be treated fairly and without preconceived notions. 
 
In addition to the founding of the NFA, Cam Starr is credited with several innovations, 
including1, (1) the introduction of the naming convention of #100, #200, #300, etc. to denote 
the costs of manufacture and hence, purchase price for single-shot tube devices, (2) the 
introduction and ultimate governmental approval of the highly popular multi-shot, 500 g 
cakes, and (3) the invention of pattern shells, such as hearts and smiley faces. 
 
With the enthusiastic help of other NFA members, Cam also designed in 1995 the NFA logo, 
shown in Figure 1. Shown in Figure 2 is the NFA logo, attesting to the association’s embrace 
of modern social media. 
 

  Figure 1 - NFA logo   Figure 2 - NFA logo - Facebook 
 
The NFA logo embodies three themes which Starr considered foundational to the NFA. The 
background shows a stylized burst of an aerial firework, which is apropos to the fireworks 
business. Imposed upon the burst is the image of the American Bald Eagle, the national bird 
of the USA and an indisputable symbol of freedom and liberty. The head of the eagle faces 
left and matches the image and orientation of the eagle’s head on the Great Seal of The 
United States. Below the eagle are the scales of justice, which not only imply justice and 
fairness, but symbolize the weighing of evidence. The weighing of evidence was considered 
by the NFA members as crucial in the decisions made by regulatory agencies, where the 
decisions must be based upon accurate information, without any agenda bias. It is interesting 
and perhaps intentional, that Starr chose the scales, since many of the disputes with the CPSC 
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at the time centered on alleged overloadings (excessive weights) of pyrotechnic compositions 
in consumer fireworks.    
 
While Cam Starr was all business when it came to the goals of the NFA, he was not without a 
good sense of humor. He was good friends with the late Santo “Sam” S. Bartolotta (father of 
coauthor Joseph R. Bartolotta (JRB)), founder of the US firm, Bartolotta’s Fireworks Co. 
Whenever the two met, the first thing Sam would say to Cam is, “Please don’t die before me, 
or I will be the ugliest man on earth.”  The long running joke, which both enjoyed, was 
prophetical, as Sam preceded Cam in death.    
 
The growth of the NFA and its Expos 
The de novo NFA solicited membership primarily by word of mouth and correspondence 
with prospective member companies. In 2000, the NFA organized and held its first annual 
convention, entitled the “NFA Trade Show” in Omaha, Nebraska. At that time, the 
membership numbered 156 and about 40 registrants attended the convention. The schedule of 
events included general business meetings, ad hoc committee meetings, invited speaker 
seminars, the trade show with only 5 exhibitors, and fireworks demonstrations providing 
finales to evening barbeques.  A second NFA Trade Show was held the following year, also 
in Omaha and, reflecting substantial growth in membership, had more than 15 exhibitors and 
a more robust schedule of activities. Fireworks demonstrations again embellished the evening 
barbeques.  For the third annual convention in 2002, the name was changed to the “NFA 
Expo” and was again held in Omaha. Over the next twelve years, the NFA Expos were held 
in different cities: Fond du Lac, Wisconsin (2004-06, 08), Covington,  Kentucky (2007), 
Billings, Montana (2009), Springfield, Missouri (2010), Stevens Point, Wisconsin (2011), 
Joplin, Missouri (2012), Sioux Falls, South Dakota (2013), Branson,  Missouri(2014) and 
Kingsport, Tennessee (2015). Each year saw a sustained growth in membership and 
attendance at the Expos.   
 
The 21 year old organization has now more than 1,200 members. The 2014 NFA Expo in 
Branson had a total attendance of 1,236, comprising  participants from the US, China, 
Canada, Mexico, Taiwan, Australia, Sweden, Great Britain, and Puerto Rico. At full capacity, 
the trade show had 178 booths, with several more wait-listed. More than 30 fireworks 
displays, demonstrating new product were performed. Eight invited speaker seminars were 
conducted dealing with regulations and standards, fireworks technology, and one detailing 
the Mexican fireworks industry.  
 
Coauthor JRB was elected president of the NFA in 1995 and held that position until 2012.  
Prior to her appointment as the Executive Director, coauthor NB, was the elected secretary of 
the NFA and served in that role for sixteen years. During their tenures, membership and 
attendance at the NFA Expos grew substantially, and the NFA became very active in 
mounting legal actions on behalf of its membership, all with the full support of president 
emeritus, Cam Starr.  
 
Litigation 
In the mid to late 1990s, Shelton Fireworks, an importer, distributor and retailer of consumer 
fireworks, had experienced considerable problems with the seizures at the port of entry into 
the US of fireworks from China that the firm had purchased. The seizures were based upon 
sampling and testing of various products, taken from shipping containers, by the US 
Consumer Product Safety Commission (CPSC), which judged the fireworks to be in non-
compliance with regulations. 



522 

With some financial and a great deal of moral and factual support from the NFA, Shelton 
challenged the CPSC in federal court, in the case entitled, Shelton, et al and The National 
Fireworks Association, Ltd. v. USCPSC, et al, arguing that the seizures were unwarranted. 
The court ultimately ruled in January 1999 against the plaintiffs, Shelton and the NFA, 
primarily on the basis that the CPSC, as a federal agency was entitled to deference. As such, 
the CPSC could rightfully interpret and enforce as they saw fit, the regulations as set forth in 
US Code of Federal Regulations, 16, Commercial Practices, as they pertained to consumer 
fireworks. However, in its decision, the court did agree with Shelton and his expert witness, 
coauthor Roger Schneider (RLS), that many of the tests and procedures employed by the 
CPSC to evaluate consumer fireworks were flawed and needed prompt correction.  In the 
Judge’s comprehensive ruling, the following footnote appears in part: 
 
“It may be worth noting, however, that judicial deference is neither blind nor deaf. Some of 
Shelton-NFA testimony and contentions were persuasive, and occasionally the CPSC, with its 
myriad responsibilities, seemed somewhat out of its depth. Although the agency is largely 
successful here, it is to be hoped that this litigation has been a useful learning process for the 
agency, and will promote some useful reforms—perhaps in cautious cooperation with 
regulated parties and knowledgeable persons.” 
 
The judge’s words proved to be a catalyst for change. In the early 2000s the relationship 
between the CPSC and the fireworks industry saw a marked improvement.  
 
In 2010, an environmental advocacy group in Southern California brought forward to the 
California Regional Water Quality Control Board (CRWQCB) San Diego Region a claim that 
public displays of fireworks were causing widespread irreparable harm to the environment, 
more specifically the inland and coastal waters of Southern California. The group cited 
anecdotal and qualitative evidence in support of their claims. None of the claims were based 
upon systematic quantitative measures of the alleged pollution. As an example, the group 
claimed coastal waters contained levels of selenium, nickel, and manganese, which increased 
substantially following fireworks displays. This claim was mystifying as these elements are 
not used in fireworks compositions. In December 2010, the NFA challenged the claims made 
by the environmental group at a daylong workshop organized by the CRWQCB, and in 
correspondence with the board prior to and following the workshop. The NFA argued both 
the technical (by RLS) and legal bases of the claims were seriously flawed, and after 
prolonged deliberation, the WQCB ultimately agreed. The fireworks displays have continued 
to date, with a modest water quality control permit requirement imposed. 
 

 
THE NFA TODAY 

 
Membership 
The NFA has three levels of membership; “Full-Voting,” “Associate”, and “Friends of 
Fireworks.” All three membership groups comprise individuals each who have expressed by 
joining the NFA an interest in the preservation and advancement of the US fireworks 
industry. It is the interests of the Full members that the NFA is focused and dedicated.   
  

Full-Voting membership is open to fireworks companies and individuals who are 
directly engaged in a fireworks business. This includes fireworks importers, distributors, 
retailers, and individuals with no specific company affiliation. Full members are current with 
the payment of dues, entitled to make motions and vote on all matters coming before the 
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NFA, and may serve on committees and hold office. Full members receive the monthly NFA 
Newsletter and a discount on the registration fee for the highly popular annual NFA Expos.  
If the Full membership belongs to a fireworks company, each and every officer, director and 
employee of the firm who attends the Expo is entitled to the registration discount.   

 
Associate membership is open to businesses, organizations, associations, fireworks 

clubs or groups, and individuals which are not directly involved in a fireworks business, but 
provide materials, services or guidance to the fireworks industry. Associate members include 
technical and business consultants, laboratories and testing firms, insurance companies and 
brokers, law firms, office, packaging, and promotional material suppliers, and vehicle rental 
companies.  Associate members are current with the payment of dues, may serve on 
committees, and have all the rights and privileges of Full members except those of making 
motions, voting, and holding office. Associates receive the monthly NFA Newsletter and the 
discount on the registration fee for the NFA Expo.  If the Associate membership belongs to a 
business, organization, association, fireworks club or group, each and every affiliate who 
attends the Expo is entitled to the registration discount.   

 
“Friends of Fireworks (FoF)” are fireworks enthusiasts, end-users, and even 

collectors of fireworks memorabilia. Friends receive the NFA monthly newsletters, and the 
discount on their registration fee for the Expos. They can serve on committees and enjoy 
some but not all of the rights and privileges of Full membership. Friends can attend the NFA 
general meeting held at the Expos, but cannot make motions, vote or hold office. The FoF 
membership was created to afford opportunities for individuals to associate with a pro-
fireworks trade organization and participate in many of its activities, at a very reasonable 
cost.  
 
The Expos 
The NFA Expos have for the past several years comprised a large trade show, with US and 
international exhibitors, educational seminars, workshops, fireworks demonstrations and 
competitions, social events, and even auctions of fireworks memorabilia. The very well 
attended educational seminars and workshops are frequently on topics such as fireworks 
technology, regulations and standards, insurance, safety, and business practices.  
 
The fireworks demonstrations and competitions 
The NFA Demonstration and Safety Committee (DSC) organizes the fireworks 
demonstrations, and because of safety concerns and liability insurance requirements, the DSC 
members also discharge all the fireworks involved. Only DSC members are allowed on the 
display site during the demonstrations.  
 
Each company providing fireworks for a demonstration, pays a fee to the NFA and provides a 
completed form, called the Demo Sheet to the DSC. The Demo Sheet lists the details on each 
specific product, the quantity to be used in the demonstration, the preferred location, the 
order of discharge, and whether the demonstration is to be a 10 or 20 minute display. The 
duration of the demonstrations is strictly enforced. The company delivers their fireworks to 
the display site in the morning on the day the products will be demonstrated that night. The 
DSC ensures the fireworks are Consumer Fireworks (1.4G), are in good condition and legal 
for use in the US. The company’s products are placed on the display site according to the 
Demo Sheet and wired for electrical (e-match) firing. In some cases, manual ignition is used. 
As many as two representatives of the company may be on the display site grounds during 
set-up, but only when escorted by a DSC member. This ensures none of the other 
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demonstrations, scheduled for the night are disturbed. On the night of the demonstration, the 
company’s name, which is listed on a well-disseminated schedule, is announced just prior to 
the commencement of the demonstration. Following each night’s displays, the DSC polices 
the display site for unignited pyrotechnics and supervises the removal of inert debris in the 
morning.  
 
Beginning in 2015, a new style of fireworks competition is to be “launched” at the NFA 
Expo. Towards encouraging NFA membership of fireworks clubs, the two clubs which enroll 
the greatest number of new members in the NFA during the year prior to the Expo, are given 
the opportunity to be fireworks display competitors for prize monies. On the first day of the 
Expo, a Tuesday, the two competitors are given the same detailed list of donated consumer 
fireworks which they will use to design their displays. Over the next four days, members of 
both competing clubs will visit the trade show booths of the companies which donated the 
fireworks to familiarize themselves with the nature of the fireworks they will use. They 
design their displays and submit a Demo Sheet to the DSC, which then fulfills its normal 
function. Local government officials from the Expo’s venue serve as judges to assess the two 
displays, which are conducted on Saturday night, and select the winner. The winning club 
receives a US$ 5,000 award and the other competitor, a US$ 2,500 award. 
 
Closing the Expo on Saturday night, in finale fashion, is a very large professional fireworks 
display of 1.3G product. The display is donated usually by the company conducting the 
display. The display company is fully responsible for the acquisition of permits and insurance 
coverage, and, of course, the design, set-up, and execution of the display, and the post display 
policing and cleaning of the display site.   
 
Future goals and aspirations 
The NFA has not deviated from and continues to be focused on its primary goal of promoting 
the widespread availability and safe handling and usage of consumer and display fireworks in 
the United States.  
 
Over the last three years the organization has taken a proactive role in advocating its 
positions on governmental policy, legislation and regulations which are germane to the 
fireworks industry.  It desires to play an increasing role in these efforts, which requires the 
financing of lobbyists. The NFA has tentatively formed a new affiliate organization, called 
the Fireworks Preservation Association (FPA) with a goal of soliciting donations from 
identified, potential sponsors to fund its planned lobbying efforts.  
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