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Abstract 

CNG vehicle containers exposed to local fires 

Fuels with a high energy density have contributed to the development of modern 

communities. On the other hand, fuels contain energy that, during some conditions, can 

result in incidents, not least within transportation. CNG vehicles are designed according 

to safety standards of UNECE, including events such as fire. In case of a fire a thermally 

activated Pressure Relief Device (TPRD) should empty the container before a pressure 

vessel explosion potentially can occur. CNG tanks are according to UNECE regulation 

110 tested against a 1.65 m long pan fire. However, local fires are not included in these 

tests. This report presents fire tests of CNG containers performed both with a UNECE 

compatible fire source and with a local fire source. Any pressure vessel explosion and jet 

flames were characterized for two different types of CNG containers, namely steel and 

composite. In five out of six tests the safety of the CNG containers prevailed also in the 

event of a local (0.24 m by 0.24 m) pan fire, meaning that no pressure vessel explosion 

occurred. In real vehicle fires, where the fire extends from its local characteristics to a 

more developed fire that expose the CNG containers to a larger extent, these tests support 

that TPRDs most likely will activate. The experience from running these test series call 

for that the fire source should be more accurately defined with regards to fuel and 

dimensions and a local fire should be included in the UNECE Regulation 110. 
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Sammanfattning 
Energibärare är viktiga för moderna samhällen. Samtidigt är energi alltid förknippat 

med risker, inte minst inom transportområdet. Det blir allt viktigare att ta hänsyn till 

nya energibärare vid projekteringen av nya infrastrukturprojekt samt vid 

räddningstjänstinsatser. Fordon med nya energibärare innefattar exempelvis elfordon, 

gasfordon eller hybridfordon. Gasfordon introducerar en ny dimension i skadeutfallet: 

tryckkärlsexplosion. En tryckkärlsexplosion sker när en behållare innehållande gas vid 

högt tryck rämnar. En tryckvåg bildas när trycket hastigt sänks till atmosfärstryck. 

För att minska risken för tryckkärlsexplosion ska fordonsgasflaskor vara utrustade med 

en smältsäkring (110 °C ± 10 °C) som släpper ut gas och minskar tryckuppbyggnad till 

följd av värmepåverkan från branden. Fordonsgasflaskor med tillhörande smältsäkring 

testas enligt UNECEs regler och utsätts då för en 1.65 m lång pölbrand (kallad UNECE-

branden; bredden är inte entydigt definierad). En orsak som har framförts till att 

tryckkärlsexplosioner ibland sker är mer lokala brandexponeringar. 

I rapporten redovisas brandförsök på fordonsgasflaskor med syfte att undersöka om 

lokala bränder (0.24 m × 0.24 m pölbrand istället för den 1.65 m långa UNECE-branden) 

kan leda till en tryckkärlsexplosion. Två typer av gascylindrar har använts: stålcylindrar 

(Typ 1) och kompositcylindrar (Typ 4). Försöken visar att smältsäkringen löser ut inom 

5 min med UNECE-branden. I fem av sex försök klarade gasflaskorna även den lokala 

branden utan att explodera. I samtliga fall löste smältsäkringen på stålflaskorna ut efter 

ungefär 20 min lokal brandexponering varvid en jetflamma uppstod. I två försök stod 

kompositflaskorna emot den lokala branden med ett gastryck på upp till 160 bar under 

mer än 1 timma. Jetflammans längd beror på smältsäkringens design och varierade 

mellan 1 m och 10 m. En infallande strålning på grund av jetflamman uppmättes till 2-5 

kW/m2 på ett avstånd av 5 m vinkelrätt mot flamman. Med ett initialt gastryck på 150 

bar och två små bål (0.48 m × 0.24 m) inträffade en tryckkärlsexplosion för 

kompositgasflaskan efter 20 min brandexponering vid 215 bars tryck. Denna brand 

användes bara i detta försök. Detta resulterade i en tryckvåg med ett övertryck på 1.1 bar 

och en impuls på 3 bar×ms, 5 m ifrån flaskans centrum. 

Försöken pekar på att en lokal brand kan vara en betydande säkerhetsutmaning för 

fordonsgasflaskor vid brand. Det är emellertid också tydligt att säkerheten för 

fordonsgasflaskor i många fall kommer att bibehållas även vid en lokal brand. I verkliga 

fordonsbränder där en lokal brand utvecklas till en fullt utvecklad brand som exponerar 

fordonsgasflaskorna i större utsträckning, stödjer dessa tester att smältsäkringen 

sannolikt kommer att aktiveras. 

En ståltank provtrycktes före försöken och klarade då 470 bar. Två flaskor som var 

exponerade för den lokala branden under en halvtimma samt en jetflamma som löste ut 

vid över 400 bars tryck provtrycktes efter brandförsöken. De klarade då nästan 490 bar. 

Detta stödjer tidigare forskning om att brandutsatta gasbehållare har en 

säkerhetsmarginal mot att brista efter det att de har svalnat.  
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1 Introduction 
Fuels with a high energy density contribute to the development of modern communities. 

On the other hand, fuels contain energy that, during some conditions, can result in 

incidents, not least within transportation. Vehicles that are powered by gaseous fuel, e.g. 

compressed natural gas (CNG) may result in a jet flame from a thermally activated 

Pressure Relief Device (TPRD) or a pressure vessel explosion in case the TPRD does not 

activate fast enough in the event of fire. A pressure vessel explosion is a physical, rather 

than chemical, explosion when the gas stored at high pressures is released into ambient 

pressure conditions.  

There have been several incidents where the TPRD was unsuccessful to prevent a CNG 

pressure vessel explosion in the event of fire both nationally (MSB 2016) and 

internationally (Lowell 2013). Possible reasons can be damaged containers, that the 

TPRD was cooled by the rescue service or local fire exposures far away from the TPRD. 

CNG vehicles are designed according to safety standards of UNECE Regulation 110. To 

reduce the risk of explosion, CNG cylinders should be equipped with a TPRD that should 

activate at 110 °C ± 10 °C. CNG tanks are tested against a 1.65 m long pan fire (referred 

to as UNECE-fire). However, smaller, local fires, are not included in these tests. 

1.1 Purpose 

The purpose of the TUSC project is to investigate how well CNG containers handle local 

fires. The background, planning, experimental results and analysis from the 

experimental series defined by the TUSC project are described below. Two other aims 

were to characterize a jet flame and a pressure vessel explosion as a consequence of a 

local fire exposure. The purpose was also to investigate how much strength the fire 

exposed steel tanks regain after the local fire tests. 
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2 Background 

2.1 CNG containers  

CNG is stored in pressure vessels up to 260 bar (230 bar is the highest refuelling pressure 

in Sweden according to MSB). There are four different types of CNG containers 

depending on the material (UNECE 2014): 

1. Metal container and cylinder (metal, Type 1). 

2. Metal container that is, aside from the bottom and neck, wrapped in sheets of composite 

materials (hoop wrapped, Type 2). 

3. Metal container that is entirely wrapped in sheets of composite materials (fully 

wrapped, Type 3).  

4. Plastic container that is entirely wrapped in sheets of composite materials (all 

composite, Type 4). 

A composite material is made of a polymer matrix reinforced with fibres. The fibres are 

usually glass or carbon. When exposed to a fire the steel tank (Type 1) will behave very 

differently compared to tanks wrapped in composite (Type 2, 3 and 4). Metal has a high 

heat conductivity and material degradation starts at around 500 °C i.e. the steel starts to 

weaken. Composites on the other hand are generally a poor heat conductor and the 

polymer matrix starts to melt already at 100-200 °C1. After fire exposure composite 

containers may regain their strength (Tamura et al. 2018). Tamura et al. (2018) exposed 

carbon fibre reinforced plastic (CFRP) tanks to fire. Just before burst time (8-15 min 

depending on the tank type, strength and filling ratio) the fire was turned off and the 

tanks were cooled naturally or with water. The pressure continues to increase 5-15 min 

during cooling with water and 5-30 min during natural cooling. After the containers had 

cooled down, they were pressure tested. The study shows that a margin of safety against 

pressure vessel explosion for fire exposed CFRP tanks is regained after cooling due to 

two factors: 

• Reduction of the pressure load from the contained gas. 

• Restoration of CFRP strength when melted plastic hardens. 
 

Tamura et al. (2018) concludes that there is little risk of a tank rupture for cooled CFRP 

tanks after fire exposure. Fire extinguishment and cooling with water is recommended. 

Bo et al. (2017) exposed austenitic stainless steel to a LPG fire at 650 °C and tested the 

residual strength. The longer the fire duration (20, 40 and 60 min) the more strength 

degradation occurred. Maximum loss in the measured strength parameter was the yield 

strength that was reduced to 84 % of the original yield strength after a fire duration of an 

hour. After 20 min fire exposure the yield strength was reduced to 90 % (Bo et al. 2017). 

Similar to the result by Tamura et al. above, steel gas tanks can be expected to regain 

strength and keep a margin of safety against a pressure vessel explosion after the tank 

and the CNG has cooled down.  

 
1 In SP Arbetsrapport 2016:06 glass and carbon fiber sandwich panels were tested at 60 °C and at fire. 

These may be different from a composite cylinder. Already at 60 °C the material was affected. 

Delamination in the fire test occurred at a surface temperature of 200-300 °C. 
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Thus, one can conclude that there is little risk of tank rupture for gas tanks exposed to 

fire, once they are cooled to normal temperature. Note however that composite tanks 

may leak after fire (Ruban et al. 2012), which was also verified in the tests performed. 

2.2 Explosion incidents 

An American study (Lowell 2013) presents international statistics for CNG incidents, the 

majority of which occurred in the USA (see Table 1). 50 tank ruptures where documented 

between 1976 and 2010, which must be interpreted as 50 pressure vessel explosions. This 

is the most commonly reported incident type, which may be due to the fact that many 

others, being less dramatic or severe in nature, are not reported. The majority of the 

pressure vessel explosions reported occurred during fuelling or as a result of exposure to 

fire. In 18 cases, the tank ruptures were caused by damaged cylinders, which could have 

been prevented through periodic inspection. In 14 cases, the TPRD did not release during 

exposure to fire.  

Table 1 Global incidents involving CNG vehicles between 1976 and 2010 (Lowell 2013). 

Incident Number 

Tank rupture 50 

Pressure-relief valve did not release 14 

Vehicle fire without tank rupture 12 

Leaking container 14 

 

During the period January 2000 – July 2019 there were 147 incidents in Sweden related 

to CNG vehicles (81 cars, 40 busses, 23 trucks and 3 forklifts). During this period CNG 

vehicles have increased from almost zero to stabilize at around 53000 vehicles in 20152. 

Of the 40 bus incidents, 28 included fire, 15 gas release and 3 pressure vessel explosions 

(MSB 2019). 

Table 2 summarize a selection of CNG explosion incidents. It should be noted that many 

countries, including the US and Sweden recently (in Sweden since 2018) have enforced 

mandatory inspection of CNG containers. This is expected to reduce the number of 

incidents caused by poor maintenance. 

Table 2 Example of CNG pressure vessel explosions 

Year, vehicle 

& Location 
Description 

2015, Garbage 

truck, Indianapolis3 

The driver noticed a fire coming from the back of his truck. The fire grew and the first 

of five tanks that sit atop the truck exploded. Firefighters ran for cover. The Type 4 

carbon fibre cylinders were holding 5 – 54 kg CNG. The impact of the explosion sent 

 
2 http://www.gasbilen.se/Att-tanka-pa-miljon/Fordonsgas-i-siffror 
3 http://www.ctif.org/sites/default/files/news/files/extra_news_december-en.pdf, 

http://www.notjustanotherfire.net/2015/01/29/cng-fuel-tanks-explode-during-truck-fire/ 

http://www.autoblog.com/2015/01/28/natural-gas-garbage-truck-explosion-indianapolis/ 

https://www.autoevolution.com/news/garbage-truck-running-on-cng-explodes-in-indianapolis-video-

91725.html 



11 

 

© RISE Research Institutes of Sweden 

Year, vehicle 

& Location 
Description 

the tanks up to 400 m away (Note that CTIF and Indianapolis rescue service seem to 

have gotten the distance wrong from a quarter mile to three quarter miles, i.e. 1,2 km). 

One firefighter was struck in the head by debris, but his injury was minor. Five 

businesses were damaged, along with other vehicles. 

2017, VW car, Rio, 

Brazil4 

The car was being filled up with natural gas when it appears a build-up of pressure 

inside the gas cylinder caused the car to explode. A woman in the passenger seat died 

instantly in the blast. The driver near the vehicle suffered serious injuries. Two others 

caught up in the blast were released after receiving medical attention for minor 

injuries.  

2016, Garbage 

truck, New Jersey5 

No one was injured when a garbage truck fuelled by natural gas exploded “like a 

missile”. The explosion blasts a hole in a nearby home and debris tears a hole in the 

roof of another. 

2016, VW car, 

Czech Republic6 

1 of rear tanks exploded during filling CNG. Severe corrosion on tanks is clearly 

visible. 

2016, VW car, 

Germany 

One CNG tank exploded at a gas station. Local newspaper argues that the shock wave 

must have been immense. Local firefighters found debris hundreds of meters from the 

blast. Luckily, no-one died, the driver was away from the car. 

2016, Bus fire, 

Göteborg (Hagberg 

et al. 2016) 

Smoke was noticed inside a CNG city bus while driving. The driver stopped and 

evacuated all passengers. It was difficult to reach the seat of the fire, after fire fighters 

had made several attempts, a tank exploded. Two fire fighters were injured. Had the 

bus exploded a few min earlier, their injuries would likely have been severe. 

2016, Garbage 

truck, Sweden 

A garbage truck exploded while driving 1 km after refuelling, fortunately causing no 

injuries.7 

2016, Subaru car, 

Sweden 

A CNG car had started to burn and one out of four cylinders then exploded. Safety 

valves released on the other two cylinders. One cylinder is missing. Explosive splitter 

radius of approximately 30 m.5 

2016 VW car, 

Sweden 
A CNG car exploded during refuelling (230 bar). One person was injured.8 

2015 VW car, 

Sweden 

A CNG car exploded during refuelling (230 bar). The driver was standing at a distance 

away from the car and thus received no injuries.9 

 

 
4 https://www.thesun.co.uk/news/3295576/shocking-moment-car-explodes-at-petrol-station-while-being-

filled-up-with-fuel-killing-one-woman-and-injuring-three/ 
5 http://www.ctif.org/sites/default/files/news/files/extra_news_december.pdf, 

http://www.pressherald.com/2016/01/27/garbage-truck-fueled-by-natural-gas-explodes-in-new-jersey/ 
6 http://www.erdgasfahrer-forum.de/viewtopic.php?t=14568 
7 http://www.ctif.org/sites/default/files/news/files/extra_news_december.pdf, Mail conversation with 

Räddningstjänsten Höga Kusten-Ådalen. 
8 http://www.ctif.org/sites/default/files/news/files/extra_news_december.pdf 
8 http://www.expressen.se/dinapengar/volkswagen-aterkallar-gasbil-efter-explosion/  
9 http://teknikensvarld.se/gasbil-exploderade-vid-tankning-av-biogas-i-linkoping-182638/ 

http://www.ctif.org/sites/default/files/news/files/extra_news_december.pdf
http://www.expressen.se/dinapengar/volkswagen-aterkallar-gasbil-efter-explosion/
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2.3 Vehicle test standard for CNG containers 

The use of CNG is governed by the UNECE R.110 (UNECE 2014) regulation, which also 

includes a fire test. In Sweden, the fuel systems of CNG-powered vehicles are governed 

by a Swedish Road Administration regulation (VVFS 2003:22, Chap. 6, § 37-64), along 

with amendments made by the Swedish Transport Agency (TSFS 2009:16, § 38, 39, and 

43). The safety system of CNG containers aims to prevent pressures in excess of safe 

limits in the container by venting gas. According to UNECE R.110 all cylinders shall be 

protected from fire with TPRD. The cylinder, its materials, TPRD and any added 

insulation or protective material shall be designed collectively to ensure adequate safety 

for the specified fire test. The TPRD of a fuel container should be oriented to prevent 

further exposure of the container to fire. CNG systems operate at around 200 bars. As 

the quantity of gas is relatively small when it is stored in compressed form, the container 

empties relatively quickly, leading to a rapid decrease in pressure. CNG systems have a 

low-pressure end that is located behind the pressure regulator, reducing the pressure to 

10 bars.  

The fire test is designed to demonstrate that containers, complete with the fire protection 

system (tank valve, TPRD, integral thermal insulation) specified in the design, will not 

burst when tested under the specified fire conditions. The fire test is described in UNECE 

R110. On the one hand, R110 specify that the length and the width of the pan fire shall 

exceed the plan dimensions of the fuel tank by 0.1 m10. On the other hand, a uniform fire 

source of 1,65 m length shall provide direct flame impingement on the cylinder surface 

across its entire diameter width11. The cylinder shall be placed horizontally with the 

cylinder bottom approximately 100 mm above the pan fire. Any fuel may be used for the 

fire source provided it supplies uniform heat sufficient to maintain the specified test 

temperatures until the cylinder is vented (acceptable) or fails (unacceptable).  

2.4 Jet flame 

A release from a TPRD depends on the tank pressure and the release pipe diameter. Li 

(2018) has evaluated different theories for predicting the jet flame characteristics. For 

example, 200 bar CNG and a TPRD hole diameter of 5 mm, theoretically, result in a 10 

to 18 m long jet flame. The jet flame is reduced exponentially as the pressure in the 

container is released. 

2.5 Representative vehicle fires 

CNG cylinders may be placed in different vehicles at different locations and will be 

exposed to different types of fires. Within the scope of this project the following 

possibilities are considered: placement on heavy goods vehicle (HGV) at the same 

location one would find a traditional diesel tank, placement on the roof of a bus, and 

placement inside or below the trunk in a car. 

 
10 UNECE R110, Annex 3B - Appendix A, section A.1.3 
11 UNECE R110, Annex 3A – Appendix A, section A.15.3 
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2.5.1 HGV fire and their effect on CNG containers 

For HGV fires overheated breaks or engine fires is a common cause for tunnel fires 

(Gehandler 2015). During the period 2007-2012, 13 incidents in Sweden during the 

transportation of dangerous goods where categorized as fire incidents (MSB 2014). Six 

of these occurred during loading or unloading. The most common fire during transport 

is wheel fires with five reported incidents during the period. Typically, the driver 

extinguishes the fire with a portable fire extinguisher. But some of the fires grew to 

involve the trailer (3 cases) and in one case the whole vehicle burnt up. In one case oil 

leakage from the turbo was ignited by the hot engine on a tilted vehicle off the road (MSB 

2014). An HGV fire can be expected to, at least initially, expose the CNG tank from the 

side, e.g. tire or engine fire, or from below, e.g. oil leakage. 

2.5.2 Bus fires and their effect on roof mounted CNG 

containers 

A study of Swedish bus fires (Rakovic et al. 2015) includes a total of 1255 records spread 

over nine-year period. between 2005 and 2013. In average 104 bus fires occur each year 

which corresponds to 0.73 % of the buses in the commercial traffic. Most fire incidents 

originate in the engine compartment (61%), followed by the wheel well (20%). An engine 

fire or wheel well fire will need to develop into a fully developed fire before roof mounted 

CNG containers are exposed to the fire. In addition, arson or electrical fires may start 

inside a bus. A recent example is the fire in a CNG powered bus just outside the 

Gnistängstunnel in Gothenburg, Sweden. The fire started inside the insulating material 

as a result of electrical shortcut. The fire exposed the roof mounted CNG containers such 

that one exploded towards the very end of the rescue intervention (Hagberg et al. 2016).  

2.5.3 Car fires and their effect on CNG containers 

Many passenger car fires are caused by either arson or electrical failures, e.g. in the 
instrument panel (MSB 2016). This means that a fire inside the car is a relatively 
common scenario. Such fires will mainly expose CNG containers in the boot. After a crash 
leaking oil or liquid fuel may ignite and result in a pool fire. Such fires will mainly expose 
CNG cylinders underneath the vehicle. 
 

2.5.4 Typical CNG container fire exposure 

Although more fire scenarios than the ones stated above could be imagined, the cases 

above result in the following four types of fire exposures to CNG containers. 

• Pool fire below cylinder (for trucks and passenger cars) (although liquid fuels may 

become less common in the future). 

• Bus compartment fire or fully developed fire in the bus cabin with cylinders mounted 

on the bus roof. 

• Passenger car compartment fire with cylinders mounted in the boot. 

• HGV tire/engine fire that exposes the cylinders. 

One may note a fire exposure from below can occur as well as a smaller local fire. For 

safety of hydrogen gas powered vehicles it has been recommended to add a local fire to 

the UNECE fire test (Scheffler et al. 2011).  
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3 Description of the fire test 

3.1 Test objects 

Two types of CNG containers were tested. Steel tanks (Type 1) used in cars (around 35 L) 

and composite tanks (Type 4) used for buses (190 L). The steel tanks are fitted with valves 

and TPRDs at one end, see Figure 1. The composite tank contains a plastic container that 

is wrapped in carbon fibre reinforced polymer composite material. The composite tanks 

are fitted with a TPRD in each end, see Figure 2. On both ends, the composite tank is 

coated with rubber, see Figure 3. 

The material properties of the composite tank, i.e. the inner plastic container and the 

Carbon fibre reinforced polymer (CFRP) wrap, were analysed by the Transient Plane 

Source (TPS)12 method with the results in Table 3. The uncertainty of the measurements 

was <1 % for density, around 7 % for specific heat and 10 % for conductivity. 

Table 3 Material data for the composite tank. 

 Density (kg/m3) Specific heat 

(kJ/kg K) 

Thermal conductivity 

(W/m K) 

Inner plastic container 1018 1.7 0.46 

CFRP axial 
1630 0.90 

0.78 

CFRP in-plane 1.87 

 

Note that the CFRP conduct heat better along the fibres, i.e. along the container rather 

than into the container. The CFRP material properties can be compared with standard 

values for carbon steel (1 % C): 7801 kg/m3, 0.47 kJ/kg K and 43 W/m K (Holman 2010). 

In other words, the steel tank conducts heat into the tank 55 times better than the 

composite tank. Yet, after 5 min fire exposure, the heat wave can be expected to have 

reached (5 % rise) 0.035 m into the CFRP material (0.17 m for steel), i.e. well beyond the 

material thickness of the container (about 0.02 m). Nevertheless, CNG gas stored in a 

steel container will heat much faster than the corresponding gas stored in a composite 

tank. 

 
12 https://www.sp.se/en/index/resources/firetechnology/equipment/tps_brk/sidor/default.aspx [accessed 

2018-02-16] 

https://www.sp.se/en/index/resources/firetechnology/equipment/tps_brk/sidor/default.aspx
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Figure 1 CNG steel container ready for the fire test with the small pan. 

 

Figure 2 Composite tank ready for testing with the small pan. The composite tank has 

one TPRD in each end. 
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Figure 3 The ends of the composite tanks were wrapped in rubber. 

3.1.1 Unexposed container strength 

The two types of tanks were pressure tested (no fire) with water until they burst. The 

maximum pressure for the steel tank was 472,3 bar, see Figure 4 and Figure 5. 

 

Figure 4 Steel tank ready to be pressurized with water. 
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Figure 5 the steel tank after the pressure test. 

The maximum pressure for the composite tank was 610,3 bar, see Figure 6 and Figure 

7. 

 

Figure 6 The composite container before pressure testing. 

 

Figure 7 The composite tank after damaging pressure testing. 
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3.1.2 Thermally activated Pressure Relief Devices 

All tanks were equipped with thermally activated melt fuse pressure relief devices 

(TPRD) that according to UNECE should release at 110 °C ± 10 °C. There was no other 

type of TPRDs installed in the tests. The steel tank used in test 1 was equipped with a 

TPRD (PRD 100 produced by EMER13) that releases in one direction, see Figure 8. The 

release hole diameter was measured to 6.1 mm. The steel tanks used in test 3, 5, and 7 

were equipped with a TPRD that releases in six directions (also manufactured by EMER), 

see Figure 9. Each release hole diameter was measured to be 2.9 mm. The composite 

tank was equipped with one TPRD at each end that releases in four directions (produced 

by Hexagon Raufoss AS), see Figure 10 and Figure 11. Each release hole diameter was 

measured to be 2.9 mm. 

 

Figure 8 The TPRD of the steel tank used in test 1 release the gas in one direction. 

 
13 https://www.emer.it/en/products/miscellaneous/safety-devices/prd  

https://www.emer.it/en/products/miscellaneous/safety-devices/prd
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Figure 9 TPRD on the steel tank used in test 3, 5 and 7 releases in six directions. 

 

Figure 10 TPRD 1 of the composite tanks used in test 2, 4, 6 and 8 releases in four 

directions. 
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Figure 11 TPRD 2 of the composite tanks used in test 2, 4, 6 and 8 releases in four 

directions. 

3.2 Test set up 

The fire tests were conducted at a test site belonging to MSB Sandö, Kramfors, Sweden, 

9-12th of September 2019. The test set-up was located inside a 3 m deep by 24 m long by 

2 m high structure (three walls and roof) in reinforced concrete, see Figure 12. One long 

side was open apart from two load-bearing pillars. Internally the structure was protected 

with wood. 

  

Figure 12 The fire tests were located inside a 24 m long structure (top view). 
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Figure 13 Test object on fire in the middle of the structure. Photo: MSB. 

The CNG cylinders were fixed 0.3 m above floor level on metal bars. A pan with a rim 

height 0.24 m of varying areas was placed below the cylinder. The pan was filled with 

water and heptane such that the distance between the fuel surface and the cylinder 

became 0.1 m, see Figure 14 to Figure 17. Three different pans were used. They will be 

named ‘Small’, ‘Narrow’ and ‘Wide’. The following width and length were used. 

• Small: 0.24 m × 0.24 m (1 h duration, burning rate 1.5 mm/min). 

• Narrow (UNECE-fire): 0.24 m × 1.65 m (10 min duration, burning rate 2.2 mm/min). 

• Wide (UNECE-fire): 0.45 m × 1.65 m (10 min duration, burning rate 2.9 mm/min). 
 

Two types of CNG containers were tested, see Figure 14 and Figure 15 and Section 0. 

 

Figure 14 Test set up with the steel tank and a narrow pan used in Test 1. 
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Figure 15 Test set up with the composite tank and a wide pan. 

Note that the small pan was placed in the most challenging position for the TPRD, i.e. in 

the middle for composite tanks and at the end for the steel tanks, see Figure 16 and 

Figure 17. In test 8 two small pans were used instead of one (placed next to each other). 

 

Figure 16 Composite tank test set up. 

3.2.1 Temperature measurements 

Thermocouples (TC) of type K (Chromel-Alumel) with diameter 0,5 mm were used to 

measure flame temperature and TPRD temperature, see Figure 16 and Figure 17. The 

flame temperature was measured 0.01 m below the tank in the middle (i.e. 0.09 above 

the fuel surface). TPRD temperatures were measured with thermocouples welded next 

to the TPRD. Temperature measurement data from each test is reported in Appendix B. 
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Figure 17 Steel tank test set up. 

3.2.2 Characterization of jet flame 

The length and width of the jet flame was characterized with space markings and two 

video recordings, see Figure 18. 

 

Figure 18 Characterization of the jet flame by camera and a plate thermometer. 

Three plate thermometers (PT) were placed according to Figure 18 at a height of 50 cm 

above the ground. The art of measuring incident heat flux with PT was developed in 

(Ingason and Wickström 2007). Incident heat flux towards the plates were calculated 

with equation (5) in (Haggkvist et al. 2012) and standard PTs with K=8W/m2K and 

C=4200 J/m2K. The resulting incident heat flux is reported in Appendix B. 
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3.2.3 Pressure measurements 

The pressure inside the container was measured in fire test 3-8 and can be found in 

Appendix B. Note that the maximum pressure that the sensors could measure was 400 

bar so values higher than 400 bar are not reliable. In case of a pressure vessel explosion, 

the blast wave was measured with blast pressure probes positioned as in Figure 19. At 10 

m, the probe was equipped with two sensors, Front and Rear respectively. The pressure 

vessel explosion from test 8 was recorded and can be found in Appendix B (Figure B18 – 

Figure B20). 

 

Figure 19 Blast wave measurement positions. 
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3.2.4 Measurement uncertainty 

The measurement uncertainty is reported in Table 4. The uncertainty is most significant 

for incident heat flux and blast wave measurements. 

Table 4 Measurement uncertainty. 

Measurement Uncertainty Comment/reference 

TC surface temperature ± 3 °C RISE Fire Research Special Conditions 

TC gas temperature ± 2 °C RISE Fire Research Special Conditions 

PT incident heat flux ± 5 %14 (Haggkvist et al. 2012) 

Container gas pressure ± 1 Pa RISE Fire Research Special Conditions 

Blast wave ± 2 %15 Calibration report MTi9F022822 

Jet flame length ± 10 % 

Estimate based on error from visual 

interpretation on video recordings and 

space markings every 2 m. 

Manual timing ± 2 s RISE Fire Research Special Conditions 

 

3.3 Test procedure 

The tests were carried out according to the following procedure. 

• CNG container is placed above the pan (fire source).  

• Start of timer and temperature measurement, i.e. time 00:00 (min:s). 

• Video recorders are started. 

• The required amount of heptane and water is filled into the pan such that the fuel 

surface is 0.1 m below the container. 

• The fuel is ignited. 

• The fire test runs until all gas is either consumed by the jet flame, the container burst, or 

the pool fire runs out of fuel (the tank is then punctured by a safe rifle shooting at a 

distance of 35 m). 

The required amount of heptane depends on the burning rate of the pan and the desired 

fire duration. The test configuration of each test can be seen in Table 5 below.  

 
14 The used PT equipment were not optimal for the fast jet flames and small heat flows in many of these 

experiments. In such experiments the uncertainty is most likely greater. 
15 Note that traceability for dynamic pressures is missing and therefore no uncertainties are reported for 

the results in the calibration report. The fact that there is uncertainty is clear from the fact that the 

sensitivity of the 137B25 front sensor varied by 1.6% between two measurement series. In field 

application the uncertainty is increased. 
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Table 5 Test configuration. 

 

3.4 Photo and video documentation 

Before and after the tests a photo camera was used for the documentation. During the 

tests, video cameras were used for documentation. Photos from all tests can be seen in 

Appendix A. Three edited video files in MP4 format is published with the report in DiVA16 

research publication portal: 

• “RISE CNG container fire tests.MP4” contains the four steel tank tests in one screen 

followed by the four composite container tests in one screen. Important events are 

zoomed and shown in slow-motion. 

• “RISE CNG steel tank fire tests (3 cameras).MP4” contains the four steel tank tests with 

the three camera recordings into one screen.  

• “RISE CNG composite tank fire tests (3 cameras).MP4” contains the four composite 

tank tests with the three camera recordings into one screen. 

  

 
16 http://www.diva-portal.org  

Test Tank 
Initial CNG 

pressure (bar) 
Fire Outcome of cylinder 

1 Steel (blue) 170 Narrow pan 
Jet flame from TPRD valve (no 

pressure measurements) 

2 Composite  150 Wide pan 

Jet flame. Vapour cloud explosion 

after shooting (no pressure 

measurements) 

3 Steel (red) 85 Small pan Jet flame from TPRD valve 

4 Composite  50 Small pan Jet flame from TPRD valve 

5 Steel (red) 165 Small pan Jet flame from TPRD valve 

6 Composite 95 Small pan 
Fire runs out of fuel. Tank is 

punctured by rifle shooting 

7 Steel (red) 170 Small pan Jet flame from TPRD valve 

8 Composite 150 
Two small 

pans 
Pressure vessel explosion 
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4 Results 

4.1 Observations and measurements 

Observations made during the tests and from analysing the video recordings are 

summarized in Table 6 to Table 13 below. For all tests the outdoor temperature was 

between 13 °C and 17 °C. Photos are presented in Appendix A. Measurement data is 

presented in Appendix B. 

Table 6 Observations made during Test 1  

Time 

(min:s) 
Observations test no. 1 (Steel container, 170 bar17) 

0:00 Start of timer and measurements. 

05:57 Heptane pool is ignited. Start of fire test. 

07:00 Jet flame from TPRD when 92.5 °C is measured next to the TPRD.  

08:00 Tank is empty. Completion of test. 

Table 7 Observations made during Test 2 

Time 

(min:s) 
Observations test no. 2 (Composite container, 150 bar18) 

0:00 Start of timer and measurements.  

17:18 Heptane pool is ignited. Start of fire test. 

18:38 Jet flame from front TPRD when 95 °C is measured next to the TPRD. 

25:32 Jet flame from front and rear TPRD. 

32:00 

To limit the fire damages on the structure, the tank is punctured by rifle 

shooting, which is followed by a vapour cloud explosion. A large part of the 

tank was found 29 m away. Parts of the tank valve was found 40 m away. 

Completion of test. 

Table 8 Observations made during Test 3 

Time 

(min:s) 
Observations test no. 3 (Steel container, 85 bar) 

0:00 Start of timer and measurements.  

08:33 Heptane pool is ignited. Start of fire test. 

27:05 
Jet flame visible when 91 °C is measured next to the TPRD. The tank 

pressure is then 180 bar. 

28:20 Container is empty. Completion of test. 

 

  

 
17 Filling pressure was 200 bar. Actual pressure in the bottle was not measured during the test but based 

on the other steel bottles of the same size, 165-170 bar is reasonable. 
18 Filling pressure was 200 bar. Actual pressure in the bottle was not measured during the test but based 

on the other composite bottle of the same size and filling pressure, 150 bar is reasonable. 
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Table 9 Observations made during Test 4 

Time 

(h:min:s) 
Observations test no. 4 (Composite container, 50 bar) 

0:00 Start of timer and measurements. 

10:18 Heptane pool is ignited. Start of fire test. 

58:00 
Maximum pressure at 76 bar is recorded. From this point pressure is 

declining, most likely due to leakages through the container surface. 

1:07;00 

The rubber on the right-hand side is burning which expose the right 

TPRD to flames. Temperature next to the right TPRD is quickly 

increasing. 

1:07:30 
Jet flame from right TPRD when 150 °C is measured. The pressure is then 

63 bar.  

1:08:00 The liquid fuel is consumed. 

1:12:00 Pressure is 2 bar. 

1:13:50 Tank is empty. Completion of test. 

Table 10 Observations made during Test 5 

Time 

(min:s) 
Observations test no. 5 (Steel container, 165 bar) 

0:00 Start of timer and measurements.  

06:00 Heptane pool is ignited. Start of fire test. 

25:00 
Tank pressure device reaches its maximum value of the measurement range 

at 400 bar. 

25:20 A maximum of 88 °C is recorded next to the TPRD 

27:05 Jet flame when 72 °C is measured.  

28:30 Container is empty. Completion of test. 

Table 11 Observations made during Test 6 

Time 

(h:min:s) 
Observations test no. 6 (Composite container, 95 bar) 

0:00 Start of timer and measurements. 

08:25 Heptane pool is ignited. Start of fire test. 

1:00:00 The fire runs out of fuel. Material from the container continues to burn. 

1:06:00 

Maximum pressure of 160.5 bar is recorded. After this point the pressure 

slowly drops while TPRD temperatures continue to rise. CNG must be 

leaking through the composite material. 

1:50:00 

The tank is punctured by shooting. The highest TPRD temperature was 

then 97 °C and the pressure inside the container 140 bar. Gas is quickly 

emptied. 
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Table 12 Observations made during Test 7 

Time 

(min:s) 
Observations test no. 7 (Steel container, 170 bar) 

0:00 Start of timer and measurements. 

10:30 Heptane pool is ignited. Start of fire test. 

30:30 
Tank pressure device reaches its maximum value of the measurement range 

at 400 bar. 

30:42 Maximum TPRD temperature of 92 °C is recorded 

32:06 

Jet flame when 77 °C is measured next to the TPRD. A pressure of 403 bar 

was then recorded. Jet flame extends below the ceiling with a total 

expansion of 8 m.  

33:27 Container is empty. Completion of test. 

Table 13 Observations made during Test 8 

Time 

(min:s) 
Observations test no. 8 (Composite container, 150 bar) 

0:00 Start of timer and measurements. Temperature: 19-20 °C. 

13:35 Heptane pool is ignited. Start of fire test. 

33:00 

Pressure vessel explosion. Highest TPRD temperature was 37 °C and the 

pressure inside the tank 217 bar. Rear part of the tank was found 32 m away 

and front part hit the wall 12 m away and then bounced back 16 m, see 

Figure 20. Completion of test. 

 

 

Figure 20 Trajectories of the two parts of the ruptured container in test 8. 

4.2 Fire exposed steel container strength 

About a week after the fire tests, the steel containers from test 5 (S3) and 7 (S4) were 

pressure tested with water until they burst, see Figure 21 and Figure 22 respectively. S3 

was exposed to the small pool fire for about 30 min and S4 was exposed to the small pool 

fire for about 35 min. The maximum pressure during the fire test exceeded 400 bar for 

both containers. Burst pressure for S3 was 489,6 bar and for S4 488,2 bar, i.e. higher 

than the unexposed tank (see subsection 3.1.1). 

32 m

12+16 m
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Figure 21 Broken steel tank S3 used in test 5. 

 

Figure 22 Broken steel tank S4 used in test 7. 
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4.3 Analysis 

4.3.1 Jet flame characterization 

The steel tank used in test 1 was equipped with a TPRD that release in one direction (6.1 

mm hole diameter). The steel tanks used in test 3, 5 and 7 were equipped with a TPRD 

that release in 6 directions (2.9 mm hole diameter). All composite tanks (used in test 2, 

4, 6 and 8) were equipped with two TPRDs that release in 4 directions (2.9 mm hole 

diameter).  

In test 1, the longest jet flame of 10 m (about 2 m in diameter) was measured. At 5 m 

looking towards the flame from the side, 4.6 kW/m2 was recorded. At 16 m facing the jet 

flame, 1.1 kW/m2 was recorded19. The jet flame in test 1 only lasted for about 1 min.  

The resulting jet flame from the composite tank in test 2 was much smaller. Just upon 

TPRD activation the flame measured 2 m but shortly after it stabilized at only 1 m. The 

jet flame had a narrow shape, a diameter of around 0.2 m. Naturally it lasted much 

longer, more than 10 min. The jet flames probably had a smaller share in the incident 

heat flux measurements to which the pan fire and wood ceiling fire had a larger 

contribution. In test 4 the jet flame released at 65 bar (with the small pan fire). At 5 m, 

from the side, 1.9 kW/m2 was recorded. At 8 m facing the tank, 1.1 kW/m2 was recorded. 

At 16 m facing the tank, the increase in incidental heat flux was negligible. The jet flame 

length was about 1 m. In test 6 and 8 the TPRD never activated. 

In test 5, and 7 the TPRD on the red steel tank released before 100 °C was measured on 

the TPRD. The internal pressure was at that time above 400 bar. The jet flame hit the 

ceiling and extended beyond the ceiling, see photos in Appendix A (Figure A28 – Figure 

A30 and Figure A41). The length of each jet was about 3-4 m. The jet flame had a narrow 

shape, a diameter at around 0.3 m. At 5 m looking towards the flame from the side, 

incidental heat flux of 3.8 kW/m2 and 4.4 kW/m2 respectively was recorded13. At 8 m 

facing the tank, 2.4 kW/m2 and 2.9 kW/m2 respectively was recorded. At 16 m facing the 

tank, about 0.6 kW/m2 was recorded in both tests. The jet flame lasted for one and a half 

min. In test 3 the same tank and TPRD released at 170 bar with much lower incidental 

heat flux being recorded (0.6, 0.45 and 0.1 kW/m2 respectively). The length of the jet 

flame in test 3 was below 3 m. The tenability limit for skin exposure is 2.5 kW/m2 (ISO 

2012). No jet flame ever exceeded this limit at 16 m distance. At least one PT exceeded 

this limit in test 1, 5 and 7.  

Li (2018) calculated the jet flame length for different TPRD release hole diameters and 

200 bar CNG pressure using three different equations from literature. A hole diameter 

of 2.5 mm should theoretically result in a jet flame length between 5 and 7 m. A hole 

diameter of 5 mm should theoretically result in a jet flame length between 10 and 18 m. 

The results from these tests with a hole diameter of 2.9 mm and 6.1 mm lie below these 

limits. Most likely there are other obstructions in the TPRD design that limits the flow, 

most notably for the TPRDs on the composite container. 

 
19 Note that the incident heat flux measurements of such fast scenarios have a considerable uncertainty. A 

quicker and more sensitive equipment may have reacted faster and thus measured higher heat flux levels. 

On the other hand, most objects that are threatened by this heat flux will luckily be slow to react. 
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4.3.2 Pressure vessel explosion 

In test 8 a pressure vessel explosion occurred. At 5 m distance a maximum pressure of 

1.1 bar and an impulse of 3.0 bar×ms was recorded. At 10 m distance the two sensors 

measured a maximum pressure 0.12 and 0.21 bar and an impulse at 0.27 and 0.59 

bar×ms respectively. The result can be seen in Appendix B (Figure B18 – Figure B20). 

With a speed of sound in air at 340 m/s the difference between the first (at 521 ms) and 

second wave (at 533 ms) corresponds to 4 m (340*(533-521)/1000) which agrees with 

the extra distance travelled by a reflected wave (from CNG container to the back wall and 

back to the container).  

Theoretically, a physical tank rupture can be estimated using Baker et al. (2012) data 

fitting from numerical calculations. The detailed method is described by Baker et al. 

(Baker et al. 2012). For a CNG tank of size 190 l and tank pressure 200 bar, the explosion 

overpressure of a physical tank burst is estimated, see Figure 23 and Figure 24. “No 

reflection” means the explosion occur in the open. “Reflection” is based on that there is 

a wall next to the tank that increase the explosion overpressure. In test 8, the tank 

ruptured at 217 bar and the recorded pressures are marked in Figure 23 and Figure 24. 

The measured reflected wave was lower than the direct, although the highest pressures 

would probably have been recorded next to the back wall. 

 

Figure 23. Estimated explosion overpressure for physical tank burst in the near field. 
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Figure 24. Estimated explosion overpressure for physical tank burst in the far field (1 

bar=100 kPa). 

The measured pressure at 5 m is slightly larger than the estimation in Figure 23. Looking 

at the estimation at 10 m in Figure 24, it seems 0.12 bar at 10 m is far too low. Excluding 

this measurement, the pressure measurements were plausible, compared with what 

could be expected, i.e. maximum pressure 1.1 bar and impulse 3.0 bar×ms at 5 m distance 

and maximum pressure 0.21 bar and impulse 0.59 bar×ms at 10 m distance. Measuring 

and calibrating blast wave pressure in laboratory environment is a challenging task with 

many uncertain variables (estimated uncertainty at ± 5 %). Measuring blast wave 

pressures in field applications is yet more challenging, as can be inferred from the 0.12 

bar outliner result above. Measured numbers should be considered to be more uncertain 

than ± 5 % as a lower limit. Given the results and the comparison with theoretical values, 

the upper limit should not exceed ± 30 %. 

Böe and Reitan (2018) summarize resulting pressure consequences for materials and 

humans. In Table 14 a few critical limits are given that put the result in perspective.  

Table 14 damages from explosion overpressure. 

Event Overpressure [bar] 

Lower limit for cracked mucous membrane. 0.14 

hazardous window splitter, 50 % mortality 0.28 – 0.35 

50 % limit for cracked mucous membrane 0.35 – 0.48 

Vehicles may turn over 0.55 – 0.83 

Lower limit for damaged lungs 0.83 – 1.03 

50 % mortality caused by damaged lungs 1.38 – 1.72 
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4.3.3 Test repeatability 

The test-setup in test 5 was identical with test 7. In both tests the TPRD released after 21 

min fire exposure. The pressure device reached its maximum value (400 bar) after 21 

and 20 min, respectively. The tests evolved very similar, in a seemingly repeatable way. 

The recorded incident heat flux by the two nearest PT differed by 20 %. Looking at the 

video (see co-published video material) and photo documentation (see Appendix A) 

during the test, the jet flame in test 7 extended below the ceiling and involved the ceiling 

to a larger extent than in test 5. Possibly because the TPRD and thus the resulting jets 

were positioned slightly different; in test 5 one jet went straight up and in test 7 no jet 

went straight up, instead two jets hit the ceiling at an angle, causing the flame to extend 

and involve the ceiling to a larger extent, see photos in Appendix A for test 5 (Figure A25 

– Figure A32) and test 7 (Figure A38 – Figure A43). 
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5 Discussion 
The UNECE fire test for CNG tanks is unclear and difficult to comply with even with the 

best intentions. This relates to the specification of the fire and the criterion for 

temperature measurements. The surface temperature is difficult to measure for non-

steel materials and will in all cases be affected by the test object. Air temperature 

measured by a TC will fluctuate more during turbulent conditions since cold air is 

entrained into the plume from below where it is measured. Shielding of TCs close to a 

pool fire did not prove to be possible neither necessary since they are measuring the 

surface temperature and not the flame temperature. Incident heat flux measurements, 

e.g. by a plate thermometer, would most likely be more stable and true measure of the 

fire exposure, compare oven testing of building products. Yet better would be to specify 

the fire source in more detail, i.e. HRR, fuel and dimension. 

The UNECE fire test standard prescribes a 1.65 m long pan fire. In order to challenge the 

UNECE fire, local fire sources were used in the project. Another reason for testing a local 

fire is that local fire exposure has been proposed as an explanation to why pressure vessel 

explosions sometimes occur in the event of fire. In test 1 and 2 the UNECE-fire was used 

and in test 3-7 a local fire (only 0.24 m by 0.24 m) was used and in test 8 a fire 

corresponding to two local fires was used. In test 1 and 2 the TPRD activated 

comparatively fast, within minutes.  

With the local fire the TPRD on the steel tanks activated after about 20 min. The TPRD 

on the composite tank activated in one test with the local fire. Main reason was that the 

fire spread to involve the rubber on the end of the container next to the TPRD. In two 

tests with the local fire exposure on the composite container, the TPRD never activated. 

In one of them (the one with a larger local fire and higher CNG pressure) the container 

ruptured (pressure vessel explosion) after 20 min fire exposure.  

It is clear that a local fire is a greater challenge for the safety of the CNG containers in the 

event of fire compared to a fully developed fire that engulfs the entire cylinder. However, 

it is also clear, especially after the performance of these tests, that the safety of CNG 

containers in many cases will prevail also in the event of a local fire. Real fires are often 

local for a given initial period following after the ignition. Vehicle fires such as passenger 

cars or buses often, but not always, may take up to 55 min in duration, and may take up 

to 20 minutes to reach its maximum HRR (Ingason et al. 2015). In the cases when the 

fire extends from its local characteristics to a fully developed fire that expose the CNG 

containers to a larger extent, TPRDs will most likely activate. An activated water spray 

sprinkler system or water from fire fighter hoses, either inside the engine compartment, 

or in the ceiling of a building or underground construction, may change the development 

of the general fire development of the vehicle, but not always the local hidden fire 

development. The present project has not considered these aspects of fire protection or 

fire fighting systems.  
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6 Conclusions 
The purpose of the project presented in the report was to investigate how well vehicle 

CNG containers handle local fires (pan size 0.24 m by 0.24 m filled with heptane). In 

total, eight fire tests were performed on CNG containers equipped with one or two melt 

fuse TPRD that should release at 110 °C ± 10 °C. For the steel tanks (Type 1) that were 

used the TPRD released after an exposure to a 20 min local fire (test 3, 5 and 7). The 

composite tanks (type 4) that were used handled a local fire exposure in two out of three 

cases. In test 4 the starting pressure was 50 bar and the TPRD released after close to an 

hour local fire exposure. In test 6 the starting pressure was 95 bar and the TPRD never 

released but the container handled the local fire and the following composite container 

material fire for more than one and a half hour. The tank was finally punctured by 

shooting. In test 8 the starting pressure was 150 bars, which very high operative pressure, 

and the local fire exposure was increased to two pans (0.48 m by 0.24 m). After 20 min 

the container ruptured at 215 bar pressure. The maximum temperature next to the TPRD 

then was 37 °C. These tests show that a local fire can be a challenge for the safety of the 

CNG containers. However, it is also clear that the safety of CNG containers in many cases 

will prevail also in the event of a local fire. In vehicle fires where the fire extends from its 

local characteristics to a fully developed fire that expose the TPRD, these tests support 

that the TPRD most likely will activate.  

Two other aims were to characterize CNG jet flames and pressure vessel explosion. The 

jet flame length varied between the three different types of TPRDs from 10 m, to 3 m to 

1 m. The corresponding incidental heat flux at 5 m, looking towards the flame from the 

side was 5 kW/m2, 4 kW/m2 and 2 kW/m2 respectively. Higher heat flux levels may have 

been recorded with more sensitive sensors. The pressure vessel explosion resulted in a 

maximum pressure at 1.1 bar and impulse 3.0 bar×ms at 5 m distance and maximum 

pressure 0.21 bar and impulse 0.59 bar×ms at 10 m distance. 

The aim of the project was also to investigate how much strength fire exposed steel tanks 

regain. One steel tank was pressure tested until rupture at 472 bar prior to the fire tests. 

The steel tanks from test 5 and 7 that were exposed to a local fire for about half an hour, 

pressures above 400 bar and a CNG jet flame were pressure tested afterwards. Both tanks 

ruptured at almost 490 bar, i.e. higher pressure than the unexposed tank handled. This 

supports that fire exposed steel containers regain their strength once they have cooled 

down to ambient temperature (this is aslo the case for composite containers, see Tamura 

et al. 2018). 

The fire test in UNECE Regulation 110 should be improved. It is difficult to adhere to the 

test standard and it does not measure meaningful parameters for specifying the fire 

exposure on the test object. The fire should be specified with regards to fuel and 

dimensions. A local fire should also be included in the UNECE regulation. 

  



38 

 

© RISE Research Institutes of Sweden 

7 Future research 
This project investigated to what extent a local fire can prevent TPRDs to activate and 

cause pressure vessel explosions in the event of fire. It would be interesting to investigate 

to what extent the application of water can prevent the TPRD from releasing and cause 

pressure vessel explosions in the event of fire and rescue service intervention or sprinkler 

activation. 
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Appendix A: Photos 

Test 1 

 
Figure A1. Before test 1. 

 

 
Figure A2. Pan on fire, side view. 

 

 
Figure A3. 1 min later; a 10 m long jet flame, side view. 
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Figure A4. Pan on fire, front view. 

 

 
Figure A5. 1 min later; 1 m wide jet flame, front view. 

 

 
Figure A6. After test 1. 
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Test 2 

 
Figure A7. Before test 2. 

 

 
Figure A8. Pan on fire, front view. 

 

 
Figure A9. 1 min: 20 s later; Front TPRD opens. Initially 2 m 

long flames. 

 

 
Figure A10. Shortly after the jet flame only extends about 1 m. 
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Figure A11. Start of the test, pan on fire, side view. 

 

 
Figure A12. 15 min after TPRD first activated; pan fire, jet 

flames and wood ceiling fire, side view, before shooting. 

 

 
Figure A13. Tank is ruptured by shooting, followed by a 

vapour cloud explosion, side view. 

 



44 

 

© RISE Research Institutes of Sweden 

 
Figure A14. After test. 
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Test 3 

 
Figure A15. Before test. 

 

 
Figure A16. Pan is on fire, side view. 
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Figure A17. 19 min later; TPRD has just released, side 

view. 

 

 
Figure A18. TPRD has just released, front view. 

 

 
Figure A19. After test. 
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Test 4 

 
Figure A20. Before test. 

 

 
Figure A21. Pan is on fire. 

 

 
Figure A22. The rubber is involved in the fire. 
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Figure A23. The TPRD opens after 1 h fire exposure. 

 

 
Figure A24. After test. 
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Test 5 

 
Figure A25. Before test. 

 

 
Figure A26. TPRD before the test. 

 

 
Figure A27. Pan is burning, front view. 
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Figure A28. 10 min later; TPRD has just opened, front view. 

 

 
Figure A29. TPRD has just opened, side view. 

 

 
Figure A30. Jet flame at a later stage, seen from above. Photo: MSB. 

 



51 

 

© RISE Research Institutes of Sweden 

 
Figure A31. After test. 

 

 
Figure A32. TPRD after the test. 
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Test 6 

 
Figure A33. Before test. 

 

 
Figure A34. Pan is burning. Photo: MSB. 
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Figure A35. After 50 min the pan has run out of fuel. Composite and 

leaking CNG continues to burn. 

 

 
Figure A36. CNG is released when the tank is punctured by shooting, 

side view 

 

 
Figure A37. After test. 
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Test 7 

 
Figure A38. Before test. 

 

 
Figure A39. TPRD before test. 

 

 
Figure A40. Pan is burning. 
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Figure A41. After 20 min TPRD activates and extends below the 

ceiling. 

 

 
Figure A42. Open TPRD after the test. 

 

 
Figure A43. After test. 
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Test 8 

 
Figure A44. Before test. 

 

  
Figure A45. 20 min pan fire, just before explosion, side view. 

 

 
Figure A46. First frame of pressure vessel explosion. 
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Figure A47. Second frame. 

 

 
Figure A48. Third frame 

 

 
Figure A49. Second camera, side view of pressure vessel explosion at a 

later stage. 
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Figure A50. After test. 

 

 
Figure A51. First part of the tank after hitting the side wall and bouncing 

back 

 

 
Figure A52. Second part of the tank 32 m away. 

 

  



 

Appendix B: Graphs (measurement data) 

Test 1 

 

Figure B1. TPRD temperature. 

 

 

Figure B2. Incident heat flux towards plate thermometer (PT) 5 and 6. PT4 was in 

the jet flame when the TPRD opened and hence it was not only measuring incident 

heat flux. 
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Test 2 

 

Figure B3. TPRD temperature. 

 

 

Figure B4. Incident heat flux towards plate thermometer (PT) 4, 5 and 6. PT4 and 6 

are displayed until the gas cloud explosion, after which they were inside the flame. 

The last heat flux peak in PT 5 is due to the gas cloud explosion after shooting. 
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Figure B5. Incident heat flux towards plate thermometer (PT) 4, 5 and 6 until the 

gas cloud explosion. The first peak is from the pool fire and front TPRD. The third 

and largest peak measures incident heat flux from the pool fire, jet flame from the 

front and rear TPRD and the wood ceiling fire. 
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Test 3 

 

Figure B6. TPRD Temperature vs. CNG pressure build up. At 170 bar the TPRD 

opened when 90 °C was measured. 

 

 

Figure B7. Incident heat flux towards plate thermometer (PT) 4, 5 and 6. 
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Test 4 

 

Figure B8. TPRD temperature  vs. CNG pressure build up. At 75 bar the tank started 

to leak, 10 minutes later one TPRD opened. 

 

 

Figure B9. Incident heat flux towards plate thermometer (PT) 4, 5 and 6. 

  

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

0 10 20 30 40 50 60 70 80 90

Time (min)

Incident heat flux (kW/m2)

PT4 PT5 PT6



64 

 

© RISE Research Institutes of Sweden 

Test 5 

 

Figure B10. TPRD temperature  vs. CNG pressure build up. At 400 bar the TPRD 

opened after 90 °C was measured. 

 

 

Figure B11. Incident heat flux towards plate thermometer (PT) 4, 5 and 6. 
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Test 6 

 

Figure B12. TPRD temperature  vs. CNG pressure build up. At 105 bar the tank 

started to leak. The TPRD never opened. Eventually the tank was punctured by 

shooting. 

 

 

Figure B13. Incident heat flux towards plate thermometer (PT) 4, 5 and 6 only 

comes from the pan fire and the burning of the composite container. No jet flame or 

explosion occurred. Measurement fluctuations are probably affected by wind and 

rain that cooled the PT. 
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Test 7 

 

Figure B14. TPRD temperature vs. CNG pressure build up. At 400 bar the TPRD 

opens after 95 °C was measured. 

 

 

Figure B15. Incident heat flux towards plate thermometer (PT) 4, 5 and 6. 
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Test 8 

 

Figure B16. TPRD temperatures vs. CNG pressure build up. At 215 bars pressure the 

tank ruptured in a pressure vessel explosion. 

 

 

Figure B17. Incident heat flux towards PT6 comes from the pan fire and the burning 

of the composite container. The gas cloud following the pressure vessel explosion 

was never ignited. PT4 and 5 are disregarded since they mainly measured the 

incoming heat flux from the sun (it was a clear and sunny day). 
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Figure B18. Pressure wave at 5 m distance. Maximum pressure: 1.1 bar (excluding 
measurement spikes), impulse 3.0 bar×ms (compensated for that the impulse curve 
starts at -0.64 below zero). 

 

Figure B19. Pressure wave at 10 m distance, Front sensor. Maximum pressure: 0.12 
bar (excluding measurement spikes), impulse 0.27 bar×ms (compensated for that the 
impulse curve starts at -0.09 below zero). 
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Figure B20. Pressure wave at 10 m distance, Rear sensor. Maximum pressure: 0.21 
bar (excluding measurement spikes), impulse: 0.59 bar×ms (compensated for that the 
impulse curve starts at -0.09 below zero). 
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