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8 APPENDIX: CHEMISTRY OF AEROSOL GENERATION 
 

The structure of the epoxy resin used in the pyrotechnic composition is shown below. The elemental 
composition is dominated by the bracketed repeating unit C18H20O4. 

 

 

The stoichiometric reaction of this compound with potassium nitrate to form the products of full 
combustion CO2, N2, K2CO3 and water can be written 

84 KNO3+5 C18H20O4 2 K2CO3+48 CO2+50 H2O+42 N2  
The molecular masses of the nitrate and epoxy are 101 and 300 respectively, so full balanced 
combustion requires 84.2% potassium nitrate (by mass) and 15.8% epoxy. 

The composition (percentage by mass) of the pyrotechnic used for FirePro is 77 % KNO3, 18 % epoxy, 
4% K2CO3 and up to 1% magnesium. 

Potassium carbonate in the original mixture is simply expelled from the device without chemical 
reaction. The effective composition can be adjusted to eliminate this by multiplying mass fractions of 
the other components by a factor of 1/0.96. Magnesium is a fuel and will require input of nitrate but 
the KEMA results suggest levels may in fact be negligibly low. Adjusting the composition to neglect 
magnesium can be done by multiplying by a further factor of 1/0.99. Overall this gives an effective 
composition (by mass) of 81.0 % KNO3 and 19.0% epoxy. 

Comparing with the stoichiometry required for complete combustion shows that the composition is 
significantly fuel rich. The stoichiometric ratio is actual air to fuel ratio divided by that needed for full 
combustion. In this case the stoichiometric ratio is 

 

Some idea of the potential impact on combustion properties can be gained from the data in Figure 2 
that shows the typical variation of CO production from gas boilers as the stoichiometric ratio falls 
below 1 and they become under-ventilated. Any significant reduction in the stoichiometric ratio 
below 1 risks very rapid increase in CO production.  
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Figure 2: CO production from boiler combustion at stoichiometric ratios below 1. 

 

8.1 COMBUSTION PRODUCT ESTIMATION 
The actual reaction of the effective composition can be written (in molar terms) as 

0.9268 KNO3+0.0732 C18H20O4 0.4634 K2CO3+0.4634 N2 + a H2O + b H2 +c CO2+d CO  

The molar fractions of the different product fractions a, b, c and d can be determined at a given final 
temperature from three equations of mass conservation (for hydrogen, carbon and oxygen) and the 
equilibrium constant for the water gas shift reaction at that temperature. 

Carbon balance:  1.317 = 0.4634 + c + d 

Hydrogen balance: 1.464 = 2a + 2b 

Oxygen balance:  2.78 + 0.2928 = 1.390 + a + 2c + d 

Water gas shift equilibrium constant7 :  10(-2.4198+.0003855.T+2180.6/T) 

Figures 3 to 6 show the solutions of these equations at a range of product temperatures. 

                                                           
7 https://web.wpi.edu/Pubs/ETD/Available/etd-050406-023806/unrestricted/ccallaghan.pdf 



 

page 35 of 41 
 

 

Figure 3 shows the molar fractions and Figure 4 shows the mass yields of different products as a 
proportion of the amount of potassium nitrate in the device. Figure 5 shows the volume fraction of 
CO in the undiluted suppressant stream. 

 

Figure 3: Mole fractions of products 

 

Figure 4: Mass fractions of products 
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Figure 5: Volume fraction of CO in the undiluted stream. Note 20% = 200,000 ppm 

 

Figure 6: CO/CO2 molar ratio 

The question of what product temperature is appropriate depends on the rate of cooling, because 
the reaction is severely kinetically limited at low temperature.  

To illustrate this point, the water gas shift reaction CO + H2O -> H2 + CO2 is increasingly 
thermodynamically favoured at low temperatures. But when carried out industrially, the reaction 
temperature has to be raised to about 500-550 °C to make it progress at a reasonable rate.  

It is unlikely that significant CO conversion continues in the Fire Pro device after the temperature 
drops to 500°C (773K). In all probability CO conversion will freeze out higher temperatures. 
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Overall the analysis of combustion products suggests a yield of CO of between 0.08 and 0.13 kg per 
kg of potassium nitrate (Figure 4) or between 0.06 and 0.1 kg per kg of pyrotechnic mix . 

The CO concentration in the undiluted suppressant stream close to the outlet would be 160,000 to 
290,000 ppm (Figure 5). 

For the quoted composition (effective epoxy mole fraction 7.32%) the CO/CO2 molar (or volume) 
ratio would be between 0.42 and 1.15. 

All of these decomposition product yields are very sensitive to the composition of the pyrotechnic. 
For example Figure 7 illustrates how CO/CO2 ratios fall sharply as the epoxy fraction falls towards 
the stoichiometric ratio (4.8% Epoxy). 

 

Figure 7: CO/CO2 ratios as a function of effective epoxy (mole) fraction.  
The red line shows the composition quoted in the FirePro MSDS 

 
 
If strict quality control is not maintained on the pyrotechnic composition in different batches then 
significant variations in CO yield are to be expected. 
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MAIB SAFETY BULLETIN 1/2020

This document, containing safety lessons, has been produced for marine safety purposes only, on the 
basis of information available to date.

The Merchant Shipping (Accident Reporting and Investigation) Regulations 2012 provides for the Chief 
Inspector of Marine Accidents to make recommendations or to issue safety lessons at any time during 
the course of an investigation if, in his opinion, it is necessary or desirable to do so.

The Marine Accident Investigation Branch is carrying out an investigation into the fatality of a shore-
based engineering apprentice who was working in the engine room of the fishing vessel Resurgam in 
Newlyn on 15 November 2019. 

The MAIB will publish a full report on completion of the investigation.

Andrew Moll
Chief Inspector of Marine Accidents

NOTE
This bulletin is not written with litigation in mind and, pursuant to Regulation 14(14) of the Merchant 

Shipping (Accident Reporting and Investigation) Regulations 2012, shall not be admissible in any judicial 
proceedings whose purpose, or one of whose purposes, is to apportion liability or blame.

This bulletin is also available on our website: www.gov.uk/maib
Press Enquiries: 01932 440015 Out of hours: 020 7944 4292

Public Enquiries: 0300 330 3000

http://www.gov.uk/maib
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BACKGROUND

On 15 November 2019, the UK registered fishing vessel Resurgam was in Newlyn, England undergoing 
maintenance. An engineer and an apprentice from the owner’s shore-based support team were working 
on the main engine in the engine room. Also working in the engine room were two contractors installing a 
new FirePro condensed aerosol fire extinguishing system.

During the installation and without warning, the fire extinguishing system partially and inadvertently 
discharged, filling the engine room with a dense cloud of aerosol fire suppressing particles (Figure 
1). Both installation contractors and the company’s engineer managed to evacuate, but the apprentice 
collapsed in the engine room. He was later recovered by the local fire and rescue service but was found 
not breathing and could not be resuscitated.

Figure 1: Typical discharge of a condensed aerosol fire suppressant   
(not at time of accident)

Aerosol generator

INITIAL FINDING

The exact causes and circumstances of this accident are still being investigated and the findings will 
be published by the MAIB in a full investigation report. However, during the inadvertent discharge, it is 
evident that the apprentice inhaled a high concentration of the suppressant particles and this significantly 
contributed to the fatality. 



2

FirePro’s Installation and User Manual and its product’s material safety data sheets had recognised 
the inadvertent discharge of the system, particularly during installation and maintenance, as a hazard. 
However, the loss of life was not identified as a potential outcome; therefore, the risk associated with 
inhaling or ingesting a large volume of the suppressant particles was not fully appreciated or protected 
against.

SAFETY LESSONS

Vessel owners, operators and those contracted to install FirePro and other similar condensed aerosol 
fire extinguishing systems should be fully aware of the potential risk to life from exposure to the aerosol 
particles. 

Safety precautions should be put in place to ensure that personnel are not exposed to this hazard:

	● Prior to intentional discharge of a condensed aerosol system, there should be visible and audible 
alarms to alert personnel. Checks should also be made to ensure the protected compartment has 
been evacuated before the system is activated. 

	● When condensed aerosol fire extinguishing systems are being installed or maintained the system 
should be fully isolated to guard against inadvertent activation, non-essential personnel should be 
clear of the area and an enclosed space rescue plan should be in place.

RECOMMENDATION

FirePro is recommended to:

S2020/114	 Issue a safety alert to the owner/operators of vessels fitted with its systems and its network 
of marine installation/maintenance engineers highlighting the circumstances of this accident 
and advising them of appropriate measures to take to reduce the risk of exposure to fire 
suppressant particles.

Safety recommendations shall in no case create a presumption of blame or liability
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SAFETY FLYER TO THE FISHING INDUSTRY
Inadvertent discharge of a condensed aerosol fire-extinguishing system on 

board the fishing vessel Resurgam (PZ1001) on 15 November 2019

Narrative
At 1609 on 15 November 2019, an apprentice engineer died when a FirePro condensed aerosol 
fire-extinguishing system was inadvertently activated in the engine room of the fishing vessel 
Resurgam. The apprentice engineer together with a shore engineer and two installation technicians 
were working in the engine room when the system activated, filling the engine room with the fire-
extinguishing aerosol.

All four people attempted to escape the engine room’s rapidly deteriorating atmosphere by climbing 
up an access ladder, which was the only exit. Three people escaped to the open deck but the 
apprentice engineer succumbed to the effect of condensed aerosol inhalation and collapsed at the 
foot of the ladder. The escape route for all four people passed in close proximity to a discharging 
fire-extinguishing generator. The apprentice engineer was later rescued by fire and rescue service 
personnel wearing breathing apparatus, but he could not be resuscitated and was pronounced 
dead at the scene.

At the time of the accident, Resurgam was undergoing a maintenance period and the skipper and 
crew were not on board. As the fishing vessel was non-operational and the work was being carried 
out by contractors, not under the control of the skipper or crew, the Health and Safety at Work etc. 
Act 1974 was applicable for all work activities on board.

Safety lessons
1.	 Any gaseous or particulate fire-extinguishing medium is hazardous to health when inhaled in 

significant quantities. The apprentice engineer died because he inhaled a concentrated mixture 
of hot particles and carbon monoxide and collapsed in a reduced oxygen atmosphere. Skippers 
of fishing vessels are to ensure that both they and their crew are aware of the hazards of 
exposure to fixed firefighting system media.

Resurgam

Image courtesy of Richard Kiessler (MarineTraffic.com)

https://www.marinetraffic.com
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“The sole objective of the investigation of an accident under the Merchant Shipping (Accident Reporting and Investigation) Regulations 2012 
shall be the prevention of future accidents through the ascertainment of its causes and circumstances. It shall not be the purpose of an such 
investigation to determine liability nor, except so far as is necessary to achieve its objective, to apportion blame.”

NOTE
This safety flyer is not written with litigation in mind and, pursuant to Regulation 14(14) of the Merchant Shipping (Accident Reporting and 
Investigation) Regulations 2012, shall be inadmissible in any judicial proceedings whose purpose, or one of whose purposes is to attribute 
or apportion liability or blame.
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2.	 In the event that installation or maintenance of a fixed firefighting system is being undertaken, 
work in the area protected by the fixed firefighting system should be restricted to the people 
carrying out the work.

3.	 Fishing vessel crew do not usually consider an engine compartment an enclosed space. 
However, an engine space can become an enclosed space under the new regulations on 
enclosed spaces, MGN 659 (M+F) Amendment 1 The Merchant Shipping and Fishing Vessels 
(Entry into Enclosed Spaces) Regulations 20221, which came into force in May 2022 and 
applied to fishing vessels from May 2023. 

4.	 The atmosphere in an engine space can rapidly change from a safe to a hazardous atmosphere 
for a number of reasons, including fumes emanating from hot work being carried out, leaking 
fluids and smoke emissions from overheating or smouldering machinery. In this case the 
inadvertent activation of a fire-extinguishing system adversely affected the breathable 
atmosphere and was harmful to anyone working in the engine room at the time. Make sure 
plans and procedures are in place so crew and contractors know how to react to such a 
situation.

5.	 The person in charge of the work in the engine space is responsible for ensuring that 
appropriate risk mitigation measures are taken before the work starts. This includes the 
completion of risk assessments and a detailed plan of the work, and identification of any 
conflicts with other tasks. As above, personnel working in the engine space need to know how 
to respond in an emergency.

¹	 https://www.gov.uk/government/publications/mgn-659-mf-entry-into-enclosed-spaces

Email: maib@dft.gov.uk
Tel: +44 (0)23 8039 5500

Published: December 2023

Attention is also drawn to the lessons published in MAIB's safety bulletin SB1/2020:

https://www.gov.uk/maib-reports/safety-warning-after-inadvertent-activation-of-
condensed-aerosol-fire-extinguishing-system-leads-to-a-fatality

This flyer and the MAIB’s investigation report are posted on our website: www.gov.uk/maib

For all enquiries:
Marine Accident Investigation Branch
First Floor, Spring Place
105 Commercial Road
Southampton
SO15 1GH
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