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Abstract 

Many modern munitions are designed to be insensitive to outside influences. To classify a munition 

as insensitive certain tests must be accomplished. One of these tests is a fast cook-off test to 

simulate the munitions behavior in an intense fire. According to the NATO standard, STANAG 4240, 

the test must be performed with jet fuel, for example Jet A1. Due to high testing costs and the 

environmental impact of the standard test, attempts have been made to replace jet fuel with 

alternative fuels. The aim of this report is to construct a sand bed burner based on propane and 

compare the heating process with a Jet A1 pool fire. The report also presents an alternative 

measurement method to ensure the same thermal impact as in a Jet A1 pool fire. 

The sand bed burner is based on letting propane diffuse through a sand bed. This will make the 

combustion result in flames with a higher radiation than premixed flames. A probe measuring steel 

surface temperature and gas temperature was constructed to make the comparison possible. The 

steel temperature was then approximated as the adiabatic surface temperature. 

Three different tests were made; with the sand bed burner, with a Jet A1 pool fire and with the 

existing Bofors Test Center (BTC) gas burner. The results were then analyzed by comparing the 

thermal impact in each direction. 

The result shows some differences in the heating pattern. Jet A1 provides the most even heating but 

the maximum gas temperatures are lower than with the other methods. The BTC gas burner shows 

the most uneven heating, with over 400 ˚C difference from the lower to the upper point. The sand 

bed burner is somewhere between the other two methods. 

The two main problems were identified during the tests with the sand bed burner. No combustion 

occurred in the middle of the burner and the gas supply varied due to cooling of the tubes when the 

LPG evaporated.  

Based on the results from the test carried out it can be assumed that with a slightly modified sand 

burner and an adequate gas supply further test in larger test are likely  to be successful in terms of 

yielding similar thermal exposure as the test specified in the standard STANAG 4240.  

 

 

Keywords: Insensitive munitions, IM, IM-testing, fast cook-off test, FCO, adiabatic surface 

temperature, TAST, sand bed burner, propane, LPG, Jet A1, STANAG 4240, AOP-39 
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Nomenclature 

Symbols 

m = Mass [kg] 

C = Heat capacity [J/K] 

c = Specific heat capacity (C/m) [J/kg K] 

U = Internal energy [J] 

u = Internal energy per mass unit [J/kg] 

h = Heat transfer coefficient  [W/m2K] 

ε = Emissivity  

K = Effective emissivity coefficient [m-1] 

q = Heat [Ws = J] 

  = Combustion efficiency 

   = Heat of combustion [J/kg] 

  = Scaling factor for calculating weight loss 

σ = Stefan Boltzmann constant,           [W/m2K4] 

T = Temperature [˚C or K] 

τ = Time constant [s] 

α = absorptivity 

Superscripts  

” = per unit area 

˙ = per unit time 

Subscripts 

emi = emitted 

fl = flame 

  = ambient 

AST = Adiabatic Surface Temperature 

s = surface 

r = radiative 

g = gas 

c = convective 

tot = total 

inc = incident 

abs = absorbed 

rad = net radiation 

con = convection 

TC = thermocouple 
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Definitions 

Adiabatic surface temperature – The equilibrium temperature of a surface which does not absorb or 

lose any energy, i.e.  ̇   
    1. 

STANAG – North Atlantic Treaty Organization Standardization Agreement2. 

AOP – North Atlantic Treaty Organization Allied Ordnance Publication3. 

Insensitive Munitions (IM) – “Munitions which reliably fulfill their performance, readiness and  

 operational requirements on demand and which minimize the probability of  

 inadvertent initiation and severity of subsequent collateral damage to weapon  

 platforms, logistic systems and personnel when subjected to selected accidental and  

 combat threats”4. 

LPG – Liquefied petroleum gas, such as propane. 

  

                                                           
1 Wickström, Heat transfer in fire technology, 49 
2
 STANAG 4240 

3 AOP-39 
4
 AOP-39, Annex A 
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1 Introduction 

1.1 Background 

1.1.1 Bofors Test Center 

In year 1886 the first firing range in Karlskoga was built by Bofors5. Bofors Test Center (BTC) is now a 

facility for testing of both military and civilian products with core business of testing products with 

explosive contents6. The facility is owned by Saab Bofors Test Center AB, which is owned by Saab 

Dynamics, BAE Systems and Eurenco. 

The test area is 200 km2 and has several different firing ranges and test facilities. On the facilities, 

realistic environments can be created that may expose products to different types of impacts. The 

reaction of the products are analyzed and documented in order to draw conclusions about whether 

the product meets the requirements placed on it or not. 

1.1.2 Insensitive munitions 

In 1967 a plane accidentally fired a missile on the flight deck of USS Forrestal aircraft carrier. This 

lead to a fire which spread to other planes and lead to a chain reaction of explosions. This was the 

starting point of developing munitions with less sensitivity to outside influences, such as fires. The 

insensitive munitions (IM) are developed to withstand various kinds of external influences. The IM-

tests are based on six parts7, each regulated in international standards; bullet impact, fragment 

impact, shaped charge jet impact, fast cook-off, slow cook-off and sympathetic reaction. Each test 

evaluates the munitions resistance to the threat. This report focuses on an alternative way to design 

the fast cook-off test. 

1.1.3 Fast cook-off test 

The aim of the fast cook-off test (FCO-test) is to assess the response of munitions and weapon 

systems exposed to a rapid thermal impact8. The design of the weapon should maximize the time to 

reaction and minimize the intensity of the reaction. The goal of the test is to determine how the 

weapon system reacts over time when exposed to heat. The test is designed to simulate the worst 

case scenario with the fastest heating possible in fire situations. The goal for the munition is to have 

no worse reaction than burning9. 

During the test the entire object will be surrounded in flames and the objects reaction over time will 

be analyzed. The flames should be fuel-rich and the heat transfer to the object should be about 90% 

radiative. The average temperature of the flames should be at least 800 ˚C and the flame 

temperature should reach 550 ˚C in less than 30 seconds. 

                                                           
5 Bofors Test Center. Historik. 
6 Bofors Test Center. Nutid. 
7
 Bofors Test Center. Insensitive Munitions (IM) 

8 STANAG 4240, 1-3. 
9
 AOP-39, 2. 
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The standard test is performed with jet fuel (Jet A1 or similar) but due to high costs, pollution and 

work environment an alternative test with LPG is considered. The AOP-39 standard opens up for 

alternative fuels if the environmental regulations ban use of hydrocarbon fire test10. 

The requirements for the test according to STANAG 4240 and AOP-39 are summarized as: 

- The flame temperature must reach 550 ˚C in 30 seconds and have an average temperature of 

at least 800 ˚C 

- The area of the burner must be at least 1 m on each side of the object 

- The radiation must be dominant (approx. 90%) 

- The object must be fully enclosed in flames 

- The temperatures are measured with at least 4 thermocouples (TC) with at least one 

measurement every 5th second (0.2 Hz) 

- The tests must not be performed in rain, snow or similar and the wind speed must not 

exceed 2.8 m/s 

1.1.4 Earlier studies 

Studies in replacing Jet A1 with LPG in the fast cook off tests are relatively new. A few test facilities 

are built. In United States a facility with LPG was built as a big cylinder with a fan11. The gas is injected 

in the airflow and a jet flame is created. The test showed that the difference in time to reaction was 

about 15% when comparing liquid fuel tests and LPG tests. The tests were also shown to be 

repeatable with less than 4 seconds in difference for time to reaction.  

 

Figure 1. The existing BTC gas burner. 

Bofors Test Center has a LPG system consisting of 14 standard propane burners each providing a 

premixed flame12, see Figure 1. Tests show that the temperatures in STANAG 4240 and AOP-39 are 

                                                           
10

 AOP-39, Appendix 7 to Annex H. 
11 Ford, Sub-scale Fast Cook-off Test Results 
12

 Toreheim, Fast Cook-Off Using Liquefied Propane Gas 
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reached with the measurement method prescribed in the standard (STANAG 4240). The time to 

reaction is also comparable with liquid pool fire tests. Problems with the test is that the radiative 

heat flux is low (which is not acceptable according to STANAG 4240) and the single flames create hot 

spots on the test item. 

In summary, it seems unclear what is actually measured during the various tests. This makes it hard 

to evaluate and compare different systems. Many of the LPG projects are in the development phase. 

There seems to be a need for a standardized measurement method, even during the standard liquid 

pool fire tests. As the standard looks today, it is only the number of thermocouples, location of them 

and the measurement time which is regulated. No thermocouple diameter is specified in the 

standard, something which is important to know when evaluating the temperature measured during 

the test (see chapter 3.2).  

1.1.5 The advantages of LPG against Jet A1 fuel  

There are many advantages to use LPG instead of Jet A1. Not only economic, but also health, 

environment and time consumption for the tests.  

The LPG burns more efficiently due to its chemical composition, the chemical formula for LPG of 

propane is C3H8 and for kerosene (which is the main content in Jet A1) it is CnH2n+2 where n varies 

between 11 and 14. This gives that kerosene and Jet A1 needs more oxygen for an ideal (efficient) 

combustion. The LPG burn much cleaner than kerosene and gives cleaner residues.     

Below some different properties are listed. 

Environment: 

Propane: No known environmental impacts13. 

Jet A1: It is a slow degradable substance that partially dissolves in water, the substance can 

penetrate the soil and reach groundwater14. The hydrocarbons can be adsorbed onto organic 

materials in the soil and sediment. Larger spills can cause acute death of fish and other aquatic 

organisms, but is also harmful to birds and vegetation15. 

Price: 

Even though the price per kilogram may be higher for propane there are some economic advantages. 

The possibility to abort the test will make the fuel consumption as low as possible. The short set up 

times for the tests will make it more cost efficient to perform the tests, more tests can be done in 

one day. There is also a possibility to in an easy way perform tests in smaller scale. 

Work environment:         

Propane: There are no known toxicological effects16. Propane is denser than air and can thereby be 

stifling. 

Kerosene fractions: Mildly irritating to the skin and eyes, repeated or prolonged contact irritates the 

skin17. Prolonged exposure of kerosene vapor has produced species-specific renal damage on male 

                                                           
13 AGA, Säkerhetsdatablad Gasol 
14

 St1. Säkerhetsdatablad Jet A1 
15 Fisher Scientific. Kerosene 
16

 AGA. Säkerhetsdatablad Gasol 
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rats. Experiences from humans have shown that vapors can irritate the eyes and respiratory tract. 

Prolonged or repeated contact irritates and dries the skin. If swallowed it irritates the digestive tract. 

Aspiration can cause fatal chemical pneumonia. 

The ability to abort the test:  

At large scale pool fire tests it is hard to extinguish a fire with water, and with foam the fuel becomes 

unusable. The remaining fuel can be difficult to collect and re-use with evaporation as a result. To let 

the remaining fuel burn or evaporate is both a big waste and an unnecessary cost. With a sand bed 

burner and propane, a test is easily stopped since the gas flow is controlled with shut-off valves. 

1.2 Purpose and objective 

1.2.1 Purpose 

The purpose of this work is to develop and evaluate a small scale fast cook-off test with a LPG sand 

bed burner and compare it to a Jet A1 pool fire. Then determine the possibility of future use of a 

large scale burner in IM testing instead of the standard Jet A1 pool fire test. 

1.2.2 Objective 

The objective of the work is to construct a prototype of a sand bed burner and with a TAST-probe 

compare the LPG fire with the Jet A1 pool fire. A test with the existing BTC gas burner is made as a 

reference. 

Questions to be answered: 

- What similarities and differences are there in the heating process? 

- What theoretical differences are there in thermal radiation and convection between an LPG 

fire and a Jet A1 pool fire? 

- How shall the measurements with the probe be performed to validate the method during 

real tests? 

1.3 Limitations 
The limitations of this work are: 

- It only looks at what the object is exposed to by the environment, not what is happening 

inside the object, such as thermal conductivity, expansion, etc. 

- It only describes the similarities and differences between heating with propane and Jet A1, it 

will not optimize the model to minimize the difference. 

- The tests are only made in small scale in an attempt to analyze whether it is possible to do 

tests on a large scale. 

- The tests are limited by the existing LPG system on Bofors Test Center. The gas flow will 

therefore be reduced to the maximum flow of the existing gas system.  

                                                                                                                                                                                     
17

 St1. Säkerhetsdatablad Jet A1 
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2 Method 

2.1 Initial method 
This work is a part of a development process at BTC where in contact with Ulf Wickström the ideas of 

a sand bed burner as a replacement of the Jet A1 pool fire emerged. This led to a thesis where the 

principle of the plate thermometer where used to construct a round probe to measure the 

temperatures in a Jet A1 and a propane flame. Most of the theory is based on Wickströms DRAFT 

‘Heat transfer in fire Technology’. 

The project started with information gathering and literature studies to get an idea of the problems 

in the work ahead, and for the theory of the measurements. Also the standards18 being followed in 

the execution for the pool fire test was studied because they have to be taken in consideration in the 

development of the burner.   

When all information needed were gathered, the development of the probe and the burner where 

started. Once started, it was clear that some more information was needed and more studies were 

performed. Discussions about the probe where done with Wickström, Alexandra Byström, SP 

Technical research institute of Sweden (SP), the workshop Complab at Luleå University of Technology 

(LTU) and with Pentronics. The probe was thereafter designed. The design of the sand bed burner 

where derived mostly in discussions with Wickström. 

2.2 Test method 
The purpose of the tests is to see the similarities and differences between the new propane burner 

and the standard test method (with Jet A1). At BTC, tests should be performed with the three 

different heating processes and then analyze the results of the measurements. Tests shall be 

performed with the current LPG burner (BTC gas burner), a smaller 1.0 x 1.15 m standard test fire (Jet 

A1-fire) and two tests with the sand bed burner. 

The goal of the new LPG system is to show that the gas temperature reaches 550 ˚C in less than 30 

seconds, the average gas temperature is 800 ˚C and to compare the difference in radiation between 

the sand bed burner and the Jet A1 pool fire. 

Factors that need to be controlled during the test of the sand bed burner is gas flow, as it controls 

the heat release rate of the burner, wind speed, ambient temperature and the location of the probe. 

Before the tests on site the TAST-probe must be assured to have the necessary quality. This control is 

made in the laboratory at LTU and the aim is to see that the thermocouples work properly when 

heated, and that the result is sufficiently reliable. 

2.2.1 Test of the TAST-probe 

To verify that the probe works with sufficiently high reliability a simple function test is performed. 

The test shall be performed with controllable input to verify that the output given by the probe is 

sufficiently reliable. 

The probe must be insulated and complete (see chapter 4.2.1) with welded 0.8 mm thermocouples 

for the steel surface temperature (approximated as the adiabatic surface temperature, AST) and 0.25 

                                                           
18

 AOP-39 and STANAG 4240 
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mm thermocouple satellites for measurement of the gas temperature. A standard plate 

thermometer is used as a reference. 

During the verification test the probe was heated according to the ISO 834-curve19 up to a maximum 

temperature of about 800 ˚C. The temperature was then maintained for at least 3 minutes. Output 

from the probe and the plate thermometer was compared with the input temperature. 

2.2.2 Small scale Jet A1-test 
The aim with the small scale Jet A1-test is to provide basic values of steel surface temperature and 

gas temperature in order to make a comparison with the new LPG system. 

To simplify scaling a test tub with the same base area as the sand bed burner is used; 1.0 x 1.15 m2. 

Sufficient amount of fuel is added so the fire will burn for 5 minutes. Simplified Jet A1 can be 

expected to burn with 7 mm/min regardless of the size of the fire20. This gives that the total height of 

Jet A1 in the test must be 35 mm which equals 40.25 liters. 

Measurements in the plume is done with the TAST-probe and with the coarse thermocouples 

previously used by BTC in their measurements. The probe provides the steel surface temperature 

and the gas temperature. The former coarse thermocouples are used as reference. The placement of 

the probe corresponds to the height used previously in similar tests. The values are recorded and 

compared to the other tests done with the sand bed burner. 

2.2.3 Sand bed burner test 
The aim of the test with the sand bed burner is to provide values of steel surface temperature and 

gas temperature in order to compare these with the values from the small scale Jet A1-test. 

The needed gas flow during the tests was calculated to approx. 150 kg/s, see Appendix D. During this 

test the gas flow is limited by the existing LPG system on the test site. The system provides gas from 

10 LPG bottles connected to a regulator which supplies the sand bed burner with gas through the 

inlet on the side of the burner.  

The first step is to determine the most effective height of the probe. The temperatures in 4 different 

heights are measured with coarse thermocouples for 60 seconds. The probe should be placed where 

the highest temperature occurs, but it must not be placed above the flame. In the later tests, the 

probe must be fully enclosed in flames. 

Measurements in the plume are done as similar as possible to the measurement in the small scale Jet 

A1-test. The probe is used for steel surface temperature and gas temperature and course 3 mm 

thermocouples as a reference. The values are then compared with the Jet A1-test. 

During the tests the gas flow must be recorded in order to calculate the actual heat release rate. The 

tests are also recorded with camera. 

2.2.4 Test with the existing LPG system 
The BTC gas burner provides heat to the object with 14 premixed propane burners. The gas flow is 

assumed constant during the tests. 

                                                           
19 T = Ti + 345*log(8*t + 1) where t is time in minutes 
20

 STANAG 4240 
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A test with the existing LPG system is performed as a reference test and is compared both with the 

small scale Jet A1-test and with the sand bed burner test. The test is performed with the probe and 

the coarse thermocouples as similar to the tests above as possible. The values are then compared. 

During the test the gas flow must be recorded to be able to calculate the actual heat release rate. 
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3 Theory 

3.1 Theory of heat transfer 

3.1.1 General theory of heat transfer 

Heat transfer is based on the first law of thermodynamics; energy cannot be created or destroyed, 

only transformed21. Heat flux can be derived from the change in total energy of the system. The total 

energy is defined by the sum of the internal energy (U), potential energy (PE) and kinetic energy (KE): 

 E = U + PE + KE (3.1) 

Heat transfer does not result in any change of the kinetic and potential energy. This gives that E = U. 

If no work is done on the system, the first law of thermodynamics gives: 

          (3.2) 

The specific heat capacity is the amount of energy required to heat a substance of a specific mass 

one degree Celsius and is defined by22: 

  
  

  
⇒                  (3.3) 

Heat transfer to a definite volume is thereby driven by differences in temperature and is given by the 

integral23: 

  ∫       
  

  
    where 

 

 

For large temperature differences the specific heat capacity cannot be assumed constant over 

temperature24. Using the equation above, the heat supplied to an object can be calculated if the 

initial temperature, final temperature, density and the equation for the specific heat capacity are 

known. Furthermore, the heat transfer occurs in three ways25; radiation, convection and conduction. 

Each part of the heat transfer theories will be presented in detail later. 

3.1.1.1 Radiation 

Radiation is heat transfer by electromagnetic waves26. The radiation emitted from a surface is given 

by the Stefan-Boltzmann law: 

  ̇   
      

  (3.5) 

                                                           
21 Çengel, Thermodynamics: An Engineering Approach, 118-119. 
22 Ibid, 128-133. 
23 Wickström, Heat transfer in fire technology, chapter 3.1. 
24

 Atkins, Physical Chemistry , 55. 
25 Wickström, Heat transfer in fire technology, chapter 3.1. 
26

 Ibid, 75. 

c = Specific heat capacity            (3.4) 

ρ = density 

T1 = Initial temperature 

T2 = Final temperature 
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where ε is the surface emissivity and σ is the Stefan-Boltzmann constant (5.67*10-8 W/m2K4). 

Emissivity is a description of how much energy that is emitted from a surface. For a perfect black 

body which does not emit any energy at all, the emissivity is 1. Other surfaces that will emit energy, 

the emissivity will vary between 0 and 1. With the same principles as above, the radiation from a 

flame is given by: 

  ̇  
         

  (3.6) 

In many cases, it is more interesting to know the amount of radiative energy absorbed by an object. 

To know this, analyzes have to be made of how much of the radiation that will be reflected and 

emitted. For a grey body, α is defined as absorptivity, which is equal to the emissivity, ε. Therefore, 

we get α ≈ ε. The absorbed radiation is then calculated as: 

  ̇   
    ̇   

    ̇   
  (3.7) 

The remaining radiation will then be reflected away from the surface of the object. This gives 

 ̇   
        ̇   

 . An expression for the total heat transfer by radiation to an object involved in a 

flame can now be summarized to: 

 ̇   
   ̇   

   ̇   
 ⇒  ̇   

   ( ̇   
     

 )           ̇   
         

   (3.8) 

3.1.1.2 Convection 

Heat transfer by convection is heat that is transported by some form of fluid to a surface or an 

object27. Convection occurs due to thermal buoyancy generated by the difference in density that 

occurs when a fluid is heated. Convection can both have a warming effect (on a colder surface) or a 

cooling effect (on a hotter surface). Heat transfer between the fluid and a surface or an object can 

therefore be calculated with an apparently relatively simple formula: 

  ̇   
    (     ) (3.9) 

where hc is the convective heat transfer coefficient and Tg and Ts are the gas and surface 

temperatures respectively. In order to estimate the heat transfer coefficient calculations in several 

steps is required and this is the biggest engineering challenge due to heat transfer by convection. 

Chapter 3.2.1.1 explains more about how an estimate of the convective heat transfer coefficient can 

be made. 

3.1.1.3 Conduction 

Conduction will only be presented briefly because of the heat transfer by conduction is assumed to 

be negligible in the tests. No estimates of conductivity will therefore be made in the report. 

Conduction is heat transfer in a material due to increased molecular activity28. Temperature is a 

measure of the movement in and between atoms. When the activity of the material increases, so 

does the temperature. In this way, the heat is conducted in to the material. 

Thermal conductivity calculations are different if the process has reached steady state or not. In the 

simplest case steady state can be assumed and the conduction is linear and in one dimension. In such 

                                                           
27 Wickström, Heat transfer in fire technology, 59. 
28

 Ibid, 14. 



10 
 

cases an analytical solution is possible. In many real cases, however, the heat conduction is non-

linear and multidimensional. Most of the material parameters change with temperature and also the 

heat flux supplied often varies with time. In these cases, an analytical solution is virtually impossible 

and numerical methods must be applied. 

3.1.2 Heat transfer for the sand bed burner 

The overall heat transfer to the object is as given above, also see Figure 2: 

[
                   

             
]  [

                   
        

]  [
                   

       
]  [

          
         

] 

  ̇   
   ̇   

   ̇   
   ̇   

     where    ̇   
   ̇   

   ̇   
    ̇   

  (3.10) 

With the previously presented equations we get: 

 ̇   
     (      

    
 )    (     )           ̇   

   ̇  
  (3.11) 

 

Figure 2. Theoretical description of heat transfer to an object. 

 

With this formula it is assumed that steady state has occurred and that the variation of the flame 

temperature, surface temperature and the gas temperature is not significant. In the experiments it’s 

assumed that the heat supplied to the object by conduction is negligible. To determine the amount 

of incoming radiation that is transferred to the object, the flame and surface emissivity (εfl and εs) 
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must be estimated. The emissivity of different surfaces is tabulated in various sources or it can be 

determined by experiments. For a small fire, flame emissivity can be calculated29: 

           where 

 

This formula assumes that it is the same temperature and the same concentration of soot in the 

entire flame, which is not realistic in a larger flame. Emissivity and absorptivity increases with the 

flame thickness and are therefore more important for larger fires30. A general rule is that if the flame 

is thick (over 1 m) and bright yellow (such as hydrocarbon flames), the emissivity can be assumed to 

be 131. But for a relatively clean combustion resulting from the burning of propane, the emissivity 

cannot be assumed to be 1 (see chapter 3.1.2.1 about estimating the emissivity of a flame). The 

emissivity of the probe body depends on the chosen surface material and how it is processed. 

In order to achieve the requirement that about 90% of the heat transfer will be by radiation, it is 

important that the flame is thick and surrounds the object completely. It is also important to enclose 

the object completely in flames to get the heat impact equal from all directions. 

One way to calculate the incoming radiation to an object through tests is to approximate the steel 

temperature as the adiabatic surface temperature, TAST
32. This is possible due to the insulation of the 

probe. More about the measurements on sight is presented in chapter 2.2. The adiabatic surface 

temperature is the equilibrium temperature of a surface which does not absorb or lose any energy, 

i.e.  ̇   
   . If the radiation is dominant, the convective heat flux appears cooling. Therefore, the 

adiabatic surface temperature is a weighted average, and will be a value between the radiation 

temperature (Tr) and the gas temperature (Tg). Two other important factors are the surface 

emissivity (ε, see chapter 3.2.1.2), which controls the amount of energy emitted from the object and 

the convective heat transfer coefficient (hc, see chapter 3.2.1.1) that affect the convection heat 

transfer to the object. With all the values known, the incident heat flux can be calculated33: 

  ̇   
       

  
  

 
          (3.13) 

3.1.2.1 Estimating the theoretical emissivity of the flame, εfl 

A visible flame always has some form of emissivity34. The yellow color of the flame is burning carbon 

particles emitting radiation. Individual soot particles are assumed to be black bodies and having a 

surface emissivity close to 1. Therefore the concentration of soot in a flame is a measure of the 

extent to which energy will be lost from the flame by radiation. Flame emissivity is therefore among 

other proportional to the concentration of soot. Flame emissivity can be calculated with Equation 

3.12. The emission coefficient (K) is affected by the soot concentration. A higher concentration gives 

a higher value of K, which in turn gives a higher emissivity from the flame. This leads to that a flame 

with a high soot concentration will have a lower temperature than the corresponding flame with low 

soot concentration. 

                                                           
29 Drysdale, An introduction to fire dynamics, 77. 
30 Wickström, Heat transfer in fire technology, 93. 
31 Drysdale, An introduction to fire dynamics, 79. 
32

 Wickström, Heat transfer in fire technology, 129. 
33 Ibid, 53. 
34

 Drysdale, An introduction to fire dynamics, 76-77. 

K = effective emissivity coefficient (3.12) 

L = path length of the flame 
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If different burning substances are compared, the various soot concentrations will cause very 

different radiation from the flames. The exponential function makes the emissivity closer to 1 when 

the flame becomes thicker, see Figure 3. This non-linear function makes a comparison between a 

flame with a small base area and a flame with a large base area difficult. As the figure below shows, a 

substance that gives high soot concentrations approach ε = 1 already at about 0.5 m flame thickness 

while a subject with lower concentration may need a thickness of over 2 meters. This must therefore 

be taken to account when doing small-scale comparisons of radiation from flames of different fuels. 

 

Figure 3. Emissivity curves for different effecive emission factors
35

. 

The effective emission coefficient must be measured by experiments and reliable values are hard to 

find. 

3.1.2.2 Emissivity of propane and Jet A1 flames 

In order to calculate the emissivity with Equation 3.12 the effective emission coefficient must be 

determined by experiments. For many substances there are no values documented on the emissivity 

constant. For propane, it is not a too rough approximation that the gas burns with a clean flame36. 

Ideal combustion of propane is given by: 

 C3H8 +5 O2 → 3 CO2 +4 H2O (3.14) 

For ideal combustion no soot particles will occur. To calculate an approximately flame emissivity for 

propane ideal combustion is assumed. Then radiation from the flame then consists mostly of the 

radiation from the hot water and carbon dioxide gases. The emissivity for steam and carbon dioxide 

in different temperatures are given in Figure 4. 

                                                           
35 Drysdale, An introduction to fire dynamics, 69. 
36

 Ibid, 26. 
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Figure 4. Emissivity for water vapor and carbon dioxide
37

. 

The total gas emissivity is obtained by: 

        
 

 
    

 (3.15) 

From Figure 4 values for L = 0.5 m and T = 1073K (800 °C) is taken: 

                  
      

This gives: 

              
 

 
           (3.16) 

For 1.0 m and T = 1073K (800 °C) Figure 4 gives: 

                  
     

This gives: 

              
 

 
        (3.17) 

The calculations show that the emissivity will increase with the larger diameter. This value is likely to 

underestimate the emissivity of the flame. The combustion of the propane will not be ideal and soot 

particles will occur which will increase the radiation from the propane flames. 

                                                           
37

 DiNenno, SFPE Handbook, 1-82. 
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For jet fuels the assumption of ideal combustion is unrealistic. Instead the effective emissivity 

coefficient must be determined. In experiments it has been found that the kerosene (which is the 

main content of Jet A1) has an emissivity of about 0.45 at a flame thickness of 0.2 m and 0.28 at a 

thickness of 0.1 m 38. This gives: 

                         ⇒                  ⇒       
         

   
                            (3.18) 

                         ⇒                  ⇒       
         

   
                            (3.19) 

To calculate the effective emission coefficient a mean is taken of the values for 0.1 and 0.2 m: 

     
           

 
 

         

 
          (3.20) 

This gives the emissivity diagram below (Figure 5).  

 

Figure 5. Emissivity curve of for a kerosene flame. 

This shows that the emissivity of the small scale test (L = 0.5 m) would give an emissivity of about 0.8 

and in full scale (L = 1 m) of about 0.95. These values are summarized in Table 1. 

      Table 1. Emissivity for propane and kerosene for different flame thickness. 

Substance Emissivity at L = 0.5 m Emissivity at L = 1.0 m 

Propane 0.38 0.5 
Kerosene 0.8 0.95 

                                                           
38

 Sudheer, Measurement of Flame Emissivity of Hydrocarbon Pool Fires, 197 
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3.2 Measuring Tr, Tg and TAST 
The common way to measure the temperatures in a fire is with a thermocouple (TC)39. The TC 

consists of two interconnected metals. When two different metals are connected they form an 

electrical potential that is almost linear with temperature. A major advantage of thermocouples is 

that they are relatively cheap and easy to replace. 

The most common type of TC is the K-type element consisting of nickel with 10% chromium 

interconnected with nickel, 2% aluminum, 2% manganese and 1% silicon, see Appendix E. The 

melting point is 1400 ˚C and the sensor measures well even in high temperatures. This type of TC is 

also recommended in STANAG 4240. 

Measuring temperatures may seem simple, but several factors will influence the results and the 

same tests can show wide variation in temperature depending on the method chosen. The 

temperature recorded by the TC is a weighted average between the gas temperature and the 

radiation temperature. Heat transfer coefficients for radiation and convection are used as weights. 

The thermocouple temperature is given by: 

     
         

    
                      (3.21) 

Therefore it is important to understand what affects mainly the convective heat transfer coefficient. 

The radiative heat transfer coefficient (hr) is independent of area and plume velocity and is therefore 

not as interesting to discuss. An important property affecting the convective heat transfer coefficient 

is the size of the thermocouple40. Under the same conditions, a smaller TC will have a larger hc than a 

larger TC. Therefore the smaller TC will measure more close to the gas temperature. If a larger TC is 

used instead, the convective heat transfer coefficient will decrease and the temperature will come 

closer to the radiation temperature. The TC will never be able to measure the exact Tr and Tg, only 

temperatures close to them. Simplified a small thermocouple, about 0.25 – 0.50 mm diameter, will 

measure the gas temperature while a larger thermocouple will be affected too much by the 

radiation. 

A special case of TC is when providing the thermocouple with a large surface area which is insulated 

at the back, a so-called plate thermometer (PT)41. This is constructed by a thin steel plate with a 

welded thermocouple on the mid-back. The insulation at the back of the plate reduces the heat 

transferred from the surface to a minimum. With a PT the convective heat transfer coefficient is 

relatively low and the plate thermometer will measure the temperature near to the radiation 

temperature42. The temperature of a surface which cannot absorb any heat is called the adiabatic 

surface temperature. By approximating the measured steel temperature as the adiabatic surface 

temperature and by measure the gas temperature with a small TC the total incident heat flux to the 

object can be determined by43: 

  ̇   
       

  
  

 
          (3.22) 

                                                           
39 Wickström, Heat transfer in fire technology, 116. 
40 Ibid, 118. 
41

 Ibid, 130. 
42 Ibid, 119. 
43

 Ibid, 53. 
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The steel surface temperature (approximated as adiabatic surface temperature) and the gas 

temperature are measured in the experiments but the surface emissivity and convective heat 

transfer coefficient will have to be estimated by calculations, see 3.2.1. 

 

Figure 6. The steel temperature of an object affected by a constant fire temperature.  
The time constant is then the time when the temperature has reached 63% of its final value. 

A description of the response time of a measuring instrument is the time constant, τ44. The time 

constant is defined as the time needed to rise the temperature to 63% of its final value, see Figure 6. 

By calculating the time constant an approximate time to equilibrium can be estimated. The time 

constant for a lumped heat case can be calculated by45: 

  
     

    
                   

      (3.23) 

where d is the thickness of the object, c is the specific heat capacity and ρ is the density of the 

material. To estimate the time constant the radiation temperature and convective heat transfer 

coefficient must be known. Because of the variation of hr this calculated time constant will be an 

underestimate of the real time constant. 

3.2.1 Estimating the heat transfer coefficient and the surface emissivity 

To calculate the incident heat flux to an object the surface emissivity and the convective heat 

transfer coefficient must be estimated. The surface emissivity is relatively simple, but the convective 

heat transfer coefficient is more complex. The estimations are not dependent of the burning 

substance, but rather to the heat release rate and the flow velocity in the flame. Therefore the same 

estimations can be used in both the jet fuel fire and the propane fire (if the heat release rate and the 

flow rates are the same).  

3.2.1.1 The heat transfer coefficient, hc 

The convection around a thermocouple or a probe in a flame is not created because of the 

temperature difference between the gas temperature and the object’s surface temperature. 

Therefore the convection can be assumed the same as a forced convection (like the convection when 

                                                           
44 Wickström, Heat transfer in fire technology, 119. 
45

 Ibid, 166. 
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a fan is blowing on an object)46. In all convection problems a boundary between the flowing fluid and 

the surface arises. It is this boundary layer and its properties that have a major impact on the 

convective heat transfer. Simplified the thickness of the boundary layer and the thermal conductivity 

of the fluid controls how much heat is transferred from the gas to the surface47. The thickness itself 

then depends on the velocity of the fluid. 

To calculate the heat transfer coefficient is therefore a complex equation depending on several 

factors. In order to describe the fluids behavior around the object the Reynolds number can be 

calculated. A Reynolds number of 2 x 105 indicates laminar flow and above 3 x 106 the flow generally 

is turbulent48. Reynolds number for a round body is given by49: 

   
 

                       
   

  
     (3.24) 

Table 2. Constants used in Equation 3.25 based on Reynolds number, from Wickström, Heat transfer in fire technology, 64. 

 

Calculated from Equation 3.24, Table 2 gives the constants A, C and n which are used in Equation 

3.25 below: 

        
  

            
 

    
 (3.25) 

The flow velocity in the flame,   , can be calculated with McCaffrey:s plume model50. This model 

is developed by experiments and can be used both in a continuous flame, during the transition 

from flame to plume and in the plume over the fire. For calculations in the flame: 

     (
 

 ̇   )
   

 ̇       where  (3.26) 

 

  

                                                           
46 Ibid, 60. 
47 Drysdale, An introduction to fire dynamics, 56. 
48

 Ibid, 55. 
49 Wickström, Heat transfer in fire technology, 64. 
50

 Karlsson, Enclosure fire dynamics, 79. 

u = velocity in the flame centerline 

z = height where the velocity is measured 

 ̇= heat release rate from the fire in kW 
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To calculate the centerline velocity in the plume the heat release rate of the fire ( ̇) is needed. The 

heat release rate can be calculated, but certain material properties are needed. More about this is 

presented in 3.3. The heat release rate can be calculated by: 

 ̇     ̇           where  (3.27) 

 

 

3.2.1.2 The surface emissivity, ε 

The surface emissivity is tabulated in a variety of sources. For example the emissivity of polished 

steel can be found to differ from 0.14 to 0.38 51. To ensure that the probe has the same emissivity 

during the whole test (and during different tests), the probe is burnt in about 800 – 1000 ˚C for 

several hours. The probe is then covered with a black surface with the emissivity ε = 0.9 which will 

not change during the test. 

3.3 Difference between Jet A1 and propane flame 
A flame can only occur in a gas. While a liquid fuel has to evaporate first52, the gas can be burned at 

once.  For combustion an oxidizer is needed, which usually is oxygen from the air. There are two 

ways for a fuel in the gas phase to burn; one way is that the gas is premixed with oxygen (or air) 

before combustion. The second way is when the gas from the beginning is separated from the 

oxygen, but will burn in the area where it has reached the correct oxygen/gas mixture53. These give 

rise to premixed and diffusion flames respectively. The latter is encountered in the combustion of gas 

jets, flammable liquids and solids54.  

 

Figure 7. Different ways of heat transfer in a pool fire,  
from Drysdale, An introduction to fire dynamics, 13. 

                                                           
51 Drysdale, An introduction to fire dynamics, 62. 
52

 Ibid, 2 
53 Ibid, 12 
54

 Ibid, 12 

A = area of the fire 

 ̇ = mass loss rate 

  =combustion efficiency 

   = heat of combustion 
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The burn rate of a diffusion flame can be calculated using the mass flow of the combustible gas, 

which for a gas jet flame is independent of the combustion process. For flammable liquids and solids, 

the mass loss rate is directly dependent on the heat transfer from the flame to the fuel. The rate of 

burning   ̇    can generally be expressed as: 

  ̇   
 ̇ 

    ̇ 
  

  
            (3.28) 

where  ̇ 
   is the heat flux from the flame (W/m2) and  ̇ 

   represents the losses expressed as a heat 

flux through the fuel surface (W/m2). LV is the heat required to evaporate the fuel (J/kg), which for 

liquids is its latent heat of evaporation. The heat flux  ̇ 
   depends on the energy released within the 

flame and the heat transfer involved55.  

The most important factor that characterizes a flames behavior is the rate at which energy is 

released ( ̇), it is given by the expression: 

  ̇      ̇             (3.29) 

where    is the area of the fuel surface (m2),     is the heat of combustion of the volatile (J/kg),  ̇   

is the mass loss rate (kg/m2s) and χ is a factor (<1.0) to compensate for incomplete combustion.  

This can be summarized that a gas (such as propane) do not need to vaporize before combustion, 

while a liquid fuel (such as Jet A1) does. This means that there will be heat losses in the combustion 

of a liquid fuel due to the energy required to evaporate the liquid to gas. 

  

                                                           
55

 Drysdale, An introduction to fire dynamics, 13 
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4 Results 

4.1 Sand bed burner 
The sand bed burner is constructed in modules to make the construction more mobile. STANAG 4240 

specifies that the base of any burner must be at least 1 meter wider on each side of the object. Even 

the UN document “Classification procedures”56 provides 1 meter on each side of the object as a 

minimum burner area. 

To get a thicker flame than with a premixed flame the gas is diffusing through a sand bed to form a 

diffusion flame (see chapter 3.3). The gas is first spread over the entire burner area in an air gap 

under the sand bed. The resistance is greater in the upper layer which will fill the whole lower layer 

with gas before it diffuses through the sand. In this way the gas flow area is as big as possible 

through the upper sand bed.  

4.1.1 Construction of the sand bed burner 

The mission statement from Bofors Test Center (see Appendix C) says that the burner is to be 

constructed for a maximum test object size of 0.16 x 0.87 m. Therefore the total minimum size of the 

sand bed burner must be 2.16 x 2.87 m (1 m on each side). In order to use the current test table of 

Bofors in small scale one module must be less than 1.24 x 1.13 m. The proposed plan means that the 

burner is divided into six interlocking modules of 1.15 x 1.0 m each. This gives a total area of 2.3 x 3.0 

m.  

To separate the air gap and the sand layer a perforated steel sheet on a steel frame is used. The 

frame is made to just fit the inner dimensions of the burner. The sand is selected to be of particle size 

4-8 mm. The holes in the perforated steel plate must therefore be max 3 mm diameter. The total 

hole area of the sheet is then 51% of the sheet area. The height of the sand layer is chosen to 100 

mm. The flow of propane required to achieve the same heat release rate as a Jet A1-test is about 

0.044 kg/m2s, see Appendix D.  

This construction means that only one inlet for gas is needed. The weight of the structure is assumed 

to be sufficient for the burner modules to remain on their places during the tests. Therefore no 

hardware for interconnection between the modules will be needed. 

 

Figure 8. Principle design of the sand bed burner. All measurements are in millimeters. For design drawings, see Appendix A. 

                                                           
56

 United Nations, Part I Classification procedures. 
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Figure 9. Pictures of the sand bed burner used for the tests. 

In this project only one module will be made. The possibility to build a large burner for real tests will 

be evaluated. Design drawings of the sand bed burner are presented in Appendix A. 

4.2 Adiabatic surface temperature probe 
There are many factors that come into play when the impact of different burning substances shall be 

compared. The main factors for the heat transfer is the temperature of the flame, the radiation from 

the flame, convective heat, convective heat transfer coefficient and specimen management 

properties and surface characteristics. For these features to be exactly equal it is necessary to burn 

the same substance and use the same specimen. The only heat transfer of theoretical interest in 

insensitive munition tests is the heating of the explosive charge in the munition, i.e. the total energy 

input into the specimen. If this is done by radiation or convection should not be a significant factor. 

It’s therefore of interest to compare the total energy supplied to the specimen. One way is by 

building a probe that measures the steel surface temperature and the gas temperature. The steel 

surface temperature is then approximated as the adiabatic surface temperature. With these values, 

the heat transfer is calculated; see chapter 3.2. By using the same probe in the tests of kerosene and 

LPG, steel surface temperature and gas temperatures are recorded. This makes the different heating 

processes comparable.  

To get an as accurate measuring instrument (probe) as possible it shall have these four properties57: 

1. a similar form as the actual specimen  

2. similar surface properties as the actual specimen  

3. an insulated surface 

4. have a short response time  
 

The first property refers to convective heat transfer, the second one refers particular to emissivity 

which is crucial for the heat transfer by radiation. Ideally, the surface should be perfectly insulated, 

which is impossible. The fourth property is important for transient problems. 

4.2.1 Construction of the probe 

Since the test objects mostly are cylindrical the probe will be designed in a similar manner. The probe 

is made of a steel tube with a wall thickness of 2 mm and insulated with fire insulation. The probe 

measures the steel surface temperature and the gas temperature. The steel temperature is then 

approximated as the adiabatic surface temperature. In this way, the incoming heat flux to a 

                                                           
57

 Wickström, Heat transfer in fire technology, 135 



22 
 

specimen can be determined. At the probe surface there will be four welded ø 0.8 mm TC measuring 

the steel surface temperature. The best way to weld the thermocouples is on the inside of the tube 

to protect the wires from direct heat and for an easier installation. But if this is not possible, holes 

can be drilled where the TCs can be passed through, and then welded to the outside. When the sheet 

is thin, it can be assumed that the temperature is uniform58. Just outside the probe surface (about 20 

mm) there are four ø 0.25 mm TC which purpose is to measure the gas temperature. For product 

specifications, see Appendix E. To obtain an emissivity of about 0.9 at the pipe surface the pipe is 

burned over a long time (12 – 24 hours) at about 800 – 1000 °C before use. The emissivity will then 

be constant throughout the experiment. 

 

Figure 10. Principle drawing of the probe. 

Design drawings of the TAST-probe are presented in Appendix B. 

 

Figure 11. Pictures of the probe used in the tests. 

                                                           
58

 Wickström, Heat transfer in fire technology, 21 
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4.2.2 Test of the probe 

The test of the probe was made in the fire testing oven in the laboratory at Luleå University of 

Technology. The oven was heated according to the ISO 834-curve up to 830 ˚C and then maintained 

at this temperature for about 5 minutes. The heating process was then stopped and the oven was 

cooled off. The test was repeated with the probe rotated 180˚ to verify that the heating pattern is 

similar with different thermocouples in different positions. The total test time was about 70 minutes. 

The figures below show the steel surface temperature and the mean gas temperature during test 1 

and test 2. The measured values are compared with the ISO 834-curve and the plate thermometer in 

the fire oven. 

The oven is programmed to follow the ISO-curve, but the heating process is divided in 4 time steps. 

Each step has a linear approximation to the ISO-curve. Therefore, the heating will not be completely 

according to ISO-curve, but instead be divided in 4 linear steps. This can be seen by looking at the 

figures including the ISO-curve and the gas and PT temperatures, see for example Figure 14. 

Figure 12 shows the steel surface temperature during the first test. The TC placed nearest the flame 

is the bottom TC, TC 2 (down). This TC is also the measuring point showing the highest temperature. 

The measuring point furthest away from the flame (also shaded from radiation from the flame), TC 4 

(up), is the one that shows the lowest temperatures. This pattern is also repeated when the probe is 

rotated during test 2, see Figure 13. 

During test 1 the temperature fell due to a technical problem when the ISO-curve was interrupted 

and the temperature kept constant at about 800 ˚C. Therefore all curves decline for a few seconds 

after approx. 1600 seconds, see Figure 12.  

 

Figure 12. The steel surface temperature during the first test, compared with the plate thermometer in the oven and the 
theoretical ISO-curve. 
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Figure 13. The steel surface temperature during the second test, compared with the plate thermometer in the oven and the 
theoretical ISO-curve. 

Figure 14 shows the mean gas temperature during test 1. During the most intensive heating the gas 

temperature lies clearly over the PT in the oven. During the rest of the test the mean gas 

temperature is approx. similar to the PT temperature. The same pattern is shown during test 2, see 

Figure 15. 

 

Figure 14. The mean gas temperature in the oven during the first test, compared with the plate thermometer in the oven 
and the theoretical ISO-curve. 
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Figure 15. The mean gas temperature in the oven during the second test, compared with the plate thermometer in the oven 
and the theoretical ISO-curve. 

4.3 Test results 
The results from the three tests conducted at Bofors Test Center are presented below. 

4.3.1 Sand bed burner test 

The test with the sand bed burner was performed early in the morning to minimize the influence of 

wind. The first test was performed to measure the temperatures at different heights. The results are 

presented in Figure 16. 

 

Figure 16. Temperatures measured at different heights with a coarse 3 mm TC. 
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The second part is the actual test with the probe. The measurement was chosen to be made 200 mm 

over the sand bed, see Figure 17. The test lasted for 395 seconds (approx. 6.5 minutes). Mean gas 

flow during the test was 0.038 kg/s (compared to the 0.044 kg/s needed, see Appendix D). The 

results from the test are presented in Figure 18 and Figure 19 below. Both graphs show the 

temperatures in all four directions.  

 

Figure 17. Test setup for the sand bed burner test. 
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Figure 18. The surface temperature of the probe for all four directions during the test with the sand bed burner. 

 

Figure 19. The gas temperature in all four directions during the test with the sand bed burner. Measured with a 0.25 mm 
diameter TC. The graph is not for reading certain values, but to see trends. 

During the test one of the 10 tubes was weighed to be able to analyze variations in the gas flow. The 

weight of the tube was noted every 5th second, see Figure 20. The flow pattern from tube 10 is 

assumed to be representative for the gas flow from all tubes. 
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Figure 20. The gas flow from bottle 10 during the test with the sand bed burner. 

Every tube was weighed before and after the test to calculate a mean value of the gas flow. The 

measurements are presented in Table 3 below. 

Table 3. Weight of tubes before and after the test. 

Tube Before [kg] After [kg] Difference [kg] 

1 14.86 13.12 1.74 

2 14.38 13.17 1.21 

3 13.9 12.64 1.26 

4 12.89 11.82 1.07 

5 13.08 12.34 0.74 

6 14.44 12.68 1.76 

7 12.56 11.22 1.34 

8 14.28 12.42 1.86 

9 14.53 12.24 2.29 

10 14.11 12.49 1.62 

Sum: 139.03 124.14 14.89 

 

The test lasted for 394 seconds. The mean gas flow during the test is calculated to: 

     

   
                   (4.1) 

  

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0 50 100 150 200 250 300 350 400

G
as

 f
lo

w
 [k

g/
s]

 

Time [s] 

Gas flow from tube 10 during SBB test 

Gas flow



29 
 

4.3.2 Small scale Jet A1-test 

The test with Jet A1 was made after the test with the sand bed burner. Wind speed was still low, but 

some gusts of wind occurred. The measurement was made 200 mm over the edge of the vat. The 

test lasted for 600 seconds. 30 liters of Jet A1 and 4.5 liters of flight petrol were consumed during the 

test. The results from the test are presented in Figure 21 and Figure 22 below. Both graphs show the 

temperatures in all four directions.  

 

Figure 21. The surface temperature of the probe for all four directions during the test with the Jet A1 pool fire. 

 

Figure 22. The gas temperature in all four directions during the test with the Jet A1 pool fire. Measured with a 0.25 mm 
diameter TC. The graph is not for reading certain values, but to see trends. 
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4.3.3 Test with the existing LPG system 

Tests with the BTC gas burner was performed lastly. Wind speed was low, but some gusts of wind 

occurred. The distance from the burner to the probe was approx. 380 mm. 14 burners with a 

diameter of 51 mm each was used. The test lasted for 222 seconds. During the test the average gas 

flow was 0.016 kg/s. The results from the test are presented in Figure 23 and Figure 24 below. Both 

graphs show the temperatures in all four directions. 

 

Figure 23. The surface temperature of the probe for all four directions during the test with the BTC gas burner. 

 

Figure 24. The gas temperature in all four directions during the test with the BTC gas burner. Measured with a 0.25 mm 
diameter TC. The graph is not for reading certain values, but to see trends. 
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One tube was weighed during the test to analyze variations in the gas flow. The weight was noted 

every 5th second. This tube is assumed to be representative for the flow pattern for all tubes. 

 

Figure 25. Gas flow from tube 10 during the test with the BTC gas burner. 

Each tube was weighed before and after the test to calculate a mean gas flow during the test, see 

Table 4. 

Table 4. Weights of all tubes before and after the test. 

Tube Before [kg] After [kg] Difference [kg] 

1 11.14 10.9 0.24 

2 11.56 11.37 0.19 

3 11.04 10.77 0.27 

4 10.41 10.19 0.22 

5 10.63 10.55 0.08 

6 10.61 10.02 0.59 

7 10.75 10.37 0.38 

8 11.01 10.6 0.41 

9 13.29 13.02 0.27 

10 15.7 14.89 0.81 

Sum: 116.14 112.68 3.46 

 

The test lasted for 222 seconds. The mean gas flow during the test is calculated to: 

    

   
                   (4.2) 
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5 Analysis 

5.1 Analysis of the test of the probe 
In Figure 26 probe surface temperatures are presented from the test of the probe. The test shows 

that the probe responds slower to temperature changes than the PT in the oven. This is due to the 

wall thickness of 2 mm. The lower TCs reach up to the desired temperature when the temperature in 

the oven is kept constant at 830 ˚C, but the mean temperature shows a lower temperature then the 

ISO-curve. This can be explained by the geometry of the probe. The lower TC measures the same as 

the PT, but the rest of the TCs are shaded from radiation and will therefore have a lower 

temperature. This reduces the mean temperature. 

The figures of the mean gas temperature in chapter 4.2.2 show that the gas temperature is higher 

than the PT temperature when the heating process is fast. This shows that the small 0.25 mm TC is 

responding to temperature changes faster than the PT, and much faster than the probe. 

The results were shown to be similar during both tests. Test 2 has a higher initial temperature, the 

test scheme did not allow the probe and oven to cool of completely before the second test. This 

difference remained throughout the whole test procedure, but the heating process follows a similar 

curve.  

The probe is expected to have sufficient accuracy and sufficient quality to be used in the following 

tests. 

 

Figure 26. Comparison between the heating during test 1 and test 2. 
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5.2 Analysis of the test results 

5.2.1 Comparing the 3 different heating processes 

There are a few overall differences in the heating processes. The Jet A1 pool fire shows relatively 

uniform heating over the entire specimen, see Figure 21. The temperature plot for all sides is well 

grouped over time. For the sand bed burner, see Figure 18, there are big differences between the 

right and the left side. The lower and the upper point are well grouped. The biggest differences are 

shown with the BTC gas burner, see Figure 23.  The difference between the upper and the lower 

point is over 400 ˚C for a long time. 

To compare the 3 different heating processes it is therefore interesting to see the heating pattern for 

all directions. Therefore each point of the probe is analyzed separately. 

5.2.1.1 Lower point 

The lowest point is the point closest to the burning surface. Theoretically this is the point who will 

reach the maximum temperature. However, for the sand bed burner, Figure 18 shows that the lower 

point is not the highest temperature at all times. This is discussed later. 

Figure 27 shows that the maximum steel surface temperatures for Jet A1 and the BTC gas burner are 

both about 850 ˚C. The maximum temperature for the sand bed burner is approx. 750 ˚C. The BTC 

gas burner is the fastest heating process and the sand bed burner is the slowest. 

 

Figure 27. Comparison of the surface temperature in the lower point of the probe. 

Figure 28 shows the gas temperature at the lower point for the 3 different heating processes. The 

BTC gas burner is clearly the highest, but there seem to be some error in the measurement right over 

1000 ˚C. The gas temperature is most probably higher than that. For the sand bed burner and the Jet 

A1 pool fire the gas temperature is about the same, about 800 – 900 ˚C, with some downturns due to 

wind gusts. 
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Figure 28. Comparison of the gas temperature in the lower point of the probe. The graphs are not made to see certain 
values, but to see trends. 

5.2.1.2 Upper point 

The upper point is shaded from the burning surface and the flow from the fire. Therefore this is the 

theoretically coolest point. Here big differences are shown, see Figure 29. Jet A1 shows the fastest 

heating and the highest maximum temperatures. The lowest temperature and the slowest heating 

are by the BTC gas burner who only reaches half of the Jet A1 maximum temperature. The sand bed 

burner shows a slower heating then the Jet A1 pool fire, but the maximum temperature is high for a 

short moment. 

 

Figure 29. Comparison of the surface temperature in the upper point of the probe. 
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The same trend is shown for Jet A1 and the gas temperature, see Figure 30. Jet A1 shows the highest 

temperatures. It is more difficult to separate the sand bed burner and the BTC gas burner. A mean 

gas temperature for the BTC gas burner from 20 to 200 seconds is 527 ˚C and from 20 to 260 seconds 

for the sand bed burner is 464 ˚C. This shows that the gas temperature over time is higher for the 

BTC gas burner. 

 

Figure 30. Comparison of the gas temperature in the upper point of the probe. The graphs are not made to see certain 
values, but to see trends. 
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Figure 31. Comparison of the surface temperature on both sides of the probe. 

If the mean temperatures for both sides are analyzed, as in Figure 32, the sand bed burner and the 

BTC gas burner are lower than the Jet A1 pool fire. The sand bed burner shows the slowest heating 

and BTC gas burner has the fastest heating, but the maximum temperature is lower than for the Jet 

A1 fire. 

 

Figure 32. Comparison of the mean surface temperature for both sides of the probe. 
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average gas temperature for the three heating processes it is shown that the highest gas 

temperature is given by the BTC gas burner. The temperature was 833 ˚C (average from 20 – 200 

seconds) compared to 751 ˚C for Jet A1 and 746 ˚C for the sand bed burner (both are an average 

from 40 – 360 seconds). 

 

Figure 33. Comparison of the mean gas temperature on both sides of the probe. The graphs are not made to see certain  
values, but to see trends. 

5.2.2 Calculation of the incident heat flux and radiation temperature 

The incoming heat flux is compared for the sand bed burner and the Jet A1 pool fire. To calculate the 

incoming heat flux an estimation of the convective heat transfer coefficient is needed. This 

coefficient is estimated by the procedure described in chapter 3.2.1.1. 

The first step is to calculate the heat release rate for the both cases. This is given by Equation 3.27. 

For the sand bed burner the mass flow was calculated to 0.038 kg/s for 1.15 m2 (see Equation 4.1). 

For 1 m2 the mass flow rate is 0.038/1.15=0.033 kg/s. The heat of combustion (   ) for propane is 

46.0 MJ/kg59.   is assumed to 0.9 (rather clean combustion). This gives: 

 ̇     ̇                                
  

  
     

  

  
  (5.1) 

For the Jet A1 pool fire 30 liters of Jet A1 was burnt during the test. The heat from the flight 

petroleum is neglected. Total test time was 530 seconds. 30 liters Jet A1 equals 24.12 kg. This gives 

24.12/530=0.046 kg/s. The heat of combustion (   ) for propane is 43.15 MJ/kg60.   is assumed to 

be 0.7 (usually assumed value for hydrocarbon fires)61. This gives: 

                                                           
59

 Karlsson, Enclosure Fire Dynamics, 35 
60 Air BP, Handbook of products, 13 
61

 Karlsson, Enclosure Fire Dynamics, 33 
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 ̇                           
  

  
     

  

  
 (5.2) 

The next step is to calculate the centerline plume velocity. This is done by using McCafferys plume 

equation, Equation 3.26. For the sand bed burner: 

     (
 

 ̇   )
   

 ̇       (
   

       )
   

                 (5.3) 

Same calculation for Jet A1: 

     (
   

       )
   

                  (5.4) 

This shows that the velocity of the plume in the flame is equal for the sand bed burner and the Jet A1 

pool fire. The next step is to calculate Reynolds number. To calculate  , the fire temperature is 

needed. The fire temperature is assumed to equal the mean gas temperature during a time step 

where the temperature is as constant as possible, i.e. steady state. The temperature is calculated 

for a time step between 375 – 450 seconds for Jet A1 and 280 – 340 seconds for the sand bed 

burner. The temperature measured with the probe is approximated to be the adiabatic surface 

temperature. The mean gas temperature and mean adiabatic surface temperature for these 

periods are presented in Table 5. 

Table 5. Mean gas temperature and mean TAST  for the sand bed burner and Jet A1 pool fire. 

Case Mean gas temperature 
[K] 

Mean adiabatic surface temp. 
[K] 

Sand bed burner 983 943 
Jet A1 923 988 

 

The velocity in the flame, the diameter of the probe and the mean gas temperature is used to 

calculate  . For the sand bed burner, Equation 3.24 gives: 

   
   

  
     

          

                 (5.5) 

And for the Jet A1 pool fire: 

                
          

                                 (5.6) 

Reynolds number is then calculated for both cases: 

   
 

             
 

                        (5.7) 

   
 

                        (5.8) 

Values for A, C and n are given in Table 2. A=1.81, C=0.683 and n=0.466 (same values for both 

cases). These values are inserted in Equation 3.25. For the sand bed burner this gives: 

       
  

             
 

          
                  

               
 

   
   (5.9) 
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And for the Jet A1 pool fire: 

          
                  

               
 

   
 (5.10) 

The incident radiation can now be calculated according to Equation 3.22. For the sand bed 

burner: 

    ̇   
       

  
  

 
(       )                 

    

   
                         (5.11) 

And for the Jet A1 pool fire: 

 ̇   
                 

    

   
                                                  (5.12) 

This incident radiation is the mean incident radiation from all four directions. This shows that the 

incident radiation from the sand bed burner is approx. 80% of the radiation from the Jet A1 pool fire. 

The incident radiation can be used to calculate the radiation temperature, Tr, with the Stefan 

Boltzmann law: 

 ̇   
     

 ⇒    √ ̇   
 

 

 

  (5.13) 

This calculation gives a radiation temperature of 666 ˚C for the sand bed burner and 721 ˚C for the 

Jet A1 pool fire, see Figure 34. 

 

Figure 34. Comparison of the temperatures for the sand bed burner and the Jet A1 pool fire. 

This shows that the most effective way of increasing the adiabatic surface temperature is to get a 

higher incident radiation which will give a higher radiation temperature. This is discussed further 

down. For the Jet A1 test, the radiation temperature is higher than the gas temperature. This can be 

explained by a higher temperature in a other place in the flame, or that the gas temperature were 

lowered due to wind. 

With the radiation temperature and the convective heat transfer coefficient known, the time 

constant can be calculated with Equation 3.23: 
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         (5.14) 

If the thickness of the probe is changed to 0.7 mm, this gives: 

  
               

                             
         (5.15) 

5.2.3 Analyzing variations in the gas flow 

During the test with the sand bed burner and the BTC gas burner one tube was weighed to be able to 

analyze variations in the gas flow during the tests. The weight was noted every 5th second and 

plotted in Figure 35. The flow pattern is assumed to be representative for all the tubes. To calculate 

the gas flow from the other tubes an equation for the weight loss is derived by inserting a trend line. 

The equation with the best approximation to the measured curve for tube 10 was (see Figure 35): 

                                               (5.16) 

where x is time in seconds. 

 

Figure 35. Measured weight loss and an approximate trend line. Measurements from tube 10 in the sand bed burner test. 

By using scale factors this equation could be adapted to the other tubes. The scaling factors are 

based on the average consumption for each tube divided with the average consumption of tube 10: 

                 
                                      

                              
  (5.17) 

The curve for each tube is then given by: 

                                                   (5.18) 

This calculation was made for every tube and the result is presented in Figure 36. 
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Figure 36. Approximate weight loss for all tubes calculated with Equation 5.18. 

By calculating the total weight of the gas tubes in every time step it is possible to determine the 

weight loss for the whole system, i.e. how much gas is used for each time step. This gives a graph 

presenting how the gas flow changes over time, see Figure 37. In this graph also the heat release rate 

are plotted according to Equation 3.27. 

 

Figure 37. Calculated gas flow to the burner and the heat release rate calculated for the sand bed burner. 

It is obvious the gas flow changes with time. The biggest gas flow is shown at the beginning with a 

close to linear decrease.  
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6 Discussion 
The analysis shows that the heating processes are different for all three cases. The overall highest 

average steel surface temperatures are seen with the Jet A1 pool fire, see Figure 43. This is due to 

the high density of the flame. The unclean combustion that occurs with Jet A1 makes the flames 

dense and the radiation is high. For a comparison of the Jet A1 and sand bed burner flames, see 

Figure 38. Even though the gas temperature is lower than with the BTC gas burner, the mean 

temperature of the probe is higher. One problem with the BTC gas burner is that the heating is 

unevenly distributed. The lower point is heated fast and the temperatures are high. The highest point 

is shaded from the convective flow and the low radiation level from the flames makes this part over 

400 ˚C cooler than the lower point. This big difference can be reduced by adding gas burners placed 

higher with another angle. 

 

Figure 38. Comparison of the Jet A1 pool fire to the left and the sand bed burner to the right. Observe the difference in 
smoke and density of the flames. 

The sand bed burner is somewhere between the other two burners. The combustion is not as clean 

as in the BTC gas burner, but not as unclean as in the Jet A1 pool fire. The flames are yellow but not 

as dense as the Jet A1 flames. The test results show that the heating is more uniform then for the 

BTC gas burner, but the temperatures are generally lower than for Jet A1. This is due to the radiation 

from the flames. The sand bed burner shows similar gas temperatures as with Jet A1, but the 

emissivity from the flames is much lower. As described in chapter 3.1.2.1, the emissivity is changed 

when the flame thickness is changed. A larger fire will results in a higher emissivity (and thereby 

higher radiation), both for propane and Jet A1. But due to the exponential behavior the difference in 

emissivity will decrease the thicker the flames get, see Figure 39. 
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Figure 39. Emissivity curves for Jet A1 and propane flames. These curves are approximate and should only be used as a 
description. 

During the test of the sand bed burner the gas flow and heat release rate was shown to decrease 

considerably. This has a direct impact on the heating of the test object. Figure 40 shows how the gas 

flow varies compared to the incensement of the mean steel surface temperature. It is shown that the 

temperature increases fast the first part of the test, but when the gas flow decreases the 

temperature does not increase with the same rate. After 270 seconds, the temperature even starts 

to decrease due to the lower gas flow. This is assumed to be a major reason for the slower heating 

with the sand bed burner and also the lower maximum temperatures. 

 

Figure 40. The gas flow compared to the mean steel surface temperature during the sand bed burner test. 
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During the tests, an area with no combustion occurred in the middle of the sand bed burner, see 

Figure 41. The reason why this field arises must be investigated. There are two possible reasons; 

either there is too little gas or it is too much gas. Propane has a flammability limit of about 2% to 10% 

(volume% by volume of air)62. This means that if there is over 10% propane or under 2%, there will be 

no combustion. This could be verified in a test where the gas flow can be varied. One possibility is 

that the gas is not distributed uniformly over the area of the burner. This may be due to uneven flow 

in the lower air gap. Maybe the sand fraction must be smaller, or that the air gap is replaced with a 

sand layer with a more course fraction to spread the flow. 

The field in which no combustion takes place affects the results from the sand bed burner negative. 

The test results show that the lower point does not show the highest temperature, which it 

theoretically should be. The colder field in the middle of the burner clearly affects the temperature of 

the lower point. With a more even combustion over the area the lower point will be warmer and the 

average temperature during the test will be higher. This means that the priority to solve this problem 

should be high. 

 

Figure 41. Soot from a field where no combustion occurred. 

During the tests it was observed that the sand bed burner is extremely sensitive to wind. On the first 

test day the wind speed was up to 9 m/s and the flames swept along the ground. Even with big wind 

screens the turbulence was too big. A decision was made to start the test early next day to minimize 

the impact of wind. The wind speed during the test was about 1 m/s with maximum speed of about 3 

m/s in short wind gusts. Even in these light winds the result seems to be affected by the wind. Big 

downturns are seen during both the test with the sand bed burner, Jet A1 pool fire and the BTC gas 

burner, see for example Figure 28. These downturns have significant impact on the average 

temperatures. In Figure 42 the downturns due to wind has been removed. 

                                                           
62

 Sievert, Gasolinformation 
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Figure 42. Mean gas temperature modified for the influence of wind. The biggest downturns has been removed. 

The average gas temperatures during the test then was changed from 700 ˚C to 839 ˚C for the sand 

bed burner, from 731 ˚C to 851 ˚C for the Jet A1 pool fire and from 802 ˚C to 888 ˚C for the BTC gas 

burner. The average temperature is measured from the time when 550 ˚C is reached until the test is 

aborted. This shows that the gas temperatures are much more similar during the three cases. This 

indicates that the sensitivity of wind is a major limitation for all these tests.  

The obvious advantage of the sand bed burner and BTC gas burner is the ability to abort the test and 

the better work environment. The tests also have short set up times which will make it easier to 

perform more tests per day. If the sand bed burner and the BTC gas burner are compared the 

advantage of the BTC gas burner is that it is light and it does not need a big gas flow. The 

disadvantage is the uneven heating of the specimen. The sand bed burner gives a more even heating 

due to the luminous flames. One disadvantage of the sand bed burner is that the parts must be built 

exclusively for the test equipment. The test also needs a high gas flow requiring large investments for 

the LPG system. 

The most uniform heating is given by the Jet A1 pool fire. This is due to the dense flames with high 

radiation. Figure 43 shows the mean surface temperature of all sides of the TAST-probe. The even 

heating of the Jet A1 pool fire gives a high mean temperature. The most uneven heating, with the 

BTC gas burner, gives the lowest mean temperature. If the problem with the field with no 

combustion is solved and if the gas flow can be kept constant, the mean temperature for the sand 

bed burner will be even higher. One noticeable thing is that the wind does not give the same 

downturns due to wind gusts, but the heating process slows off in the windy periods.  
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Figure 43. Mean steel surface temperature of all four sides of the probe. 

One important part of the test procedure with the sand bed burner is that the same test should give 

the same result each time. This means that certain factors must be monitored. The wind speed must 

be kept at a minimum. Tests during high wind speeds are most likely to result in a cooler heating 

than desired. The gas flow needs to be constant and must be able to be verified. Variation in the gas 

flow gives a direct impact on the heat release rate of the burner and must therefore be avoided.  

One advantage with the measuring method with the TAST-probe is that it measures influence of heat 

from different directions. This gives a better picture of the different heating processes than the 

measurement provided in STANAG 4240. The heating pattern can be analyzed point by point and 

advantages and disadvantages with the different processes can be seen easily. A disadvantage of the 

method is that it cannot be used during real tests, due to the risk of damage in reactions and 

interference between the probe and the test object. An alternative test method for the sand bed 

burner is presented later. 

Another thing to discuss is the requirement of 90% of the heating should be by radiation. This 

requirement is probably to get an as even heating as possible. But if the heating can be sufficient 

with only convection this should not make any difference. The reaction in the munition begins at a 

certain temperature. How this temperature is reached should be of secondary importance. Maybe 

the focus of the standard should be on the temperature of a probe or a plate thermometer instead. 

This temperature can then be approximated as the adiabatic surface temperature which is a good 

measurement of heat impact. 

During the test and preparations some areas of improvement were discovered. Both small and bigger 

problems are discussed. The probe was made of 2 mm thick steel. This was too thick to have a quick 

response time. The time constant for the sand bed burner test was calculated to 92 seconds (see 

Equation 5.14) and with thinner 0.7 mm steel the time constant is calculated to 32 seconds instead. 

This means that thinner steel would have made it possible to have shorter test time and the results 
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would have been more reliable under the given circumstances (decreasing gas flow, wind etc.). Some 

small changes should be made. The hole for the thermocouples should be made bigger, both where 

the TCs are welded to the probe and in the end where all the wires are brought out. This will make it 

easier to insulate the edges of the holes. The lid could not be fastened with bolts, as these were 

burnt to the probe during the tests. Maybe some kind of tube can be used to make it easy to replace 

the thin 0.25 mm TCs if they are broken. If the probe is built to resist many tests, maybe all 

thermocouples should be of a higher thermal resistance (for example metal sheathed 

thermocouples). 

The biggest problem with the sand bed burner was the field with no combustion discussed above. 

Further tests must be made to establish why this field occurred. The LPG system must be improved 

to give a constant flow of gas. The distance from the burner to the shut-off valve was too big. The 

propane in the gas pipes burnt for a long time after the test was aborted and gas were left in the 

burner. Another problem was the net holding the sand. It was not strong enough, so it needed 

support by some spacers. These were made by pieces of a steel pipe. When the burner was filled 

with sand it got really heavy. To make it easier to move some kind of legs could be used, or placing 

the burner on cargo pallets. To make it easier to remove the net from the burner, a small handle or a 

screw can be fixed on one of the sides of the net. Some kind of rain protection could be made to 

avoid water in the burner and some kind of drainage hole in the bottom of the burner is needed to 

evacuate water and gas. 
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7 Conclusions 
It is our assessment that there are potentials for the sand bed burner in IM-testing and that BTC 

should proceed with the development and perform more test and modifications. Future tests in 

larger scales are then assumed to be successful. 

Why the SBB has a more uneven heating pattern can partially be explained by the part in the middle 

of the burner that did not burn. Some of it also can be explained by that the flames from Jet A1 have 

a higher emissivity than the flame from LPG.  When the flames are thicker the emissivity will get 

higher, see chapter 3.1.2.1. If the flame spread gets more even, and the emissivity gets higher, the 

results for the SBB probably gets more even compared to the Jet A1 test. The decrease in gas flow 

has a major impact on the heat flow to the test object and the maximum temperatures. The LPG 

system must be improved to give a constant gas flow.  

For these three tests it can be seen that the Jet A1 fuel test gives the best result in small scale. It is 

the most even in temperature distribution for all the four sides of the probe. But with the 

improvements suggested above the differences will become smaller. 

7.1 Suggested test method 
Under the development and tests ideas of a test method emerged. With the probe it is quite easy to 

see if there where the right conditions during the test. The limitation is that the real test can’t be 

performed at the same time. The risk is that the probe is destroyed when de munition reacts, that 

the munition interferes with the measurement and that the probe shields the munition from the 

flames. With this in mind another test method had to be developed. A way to ensure that the 

conditions are achieved during the real test (without the probe) is needed. 

The proposed method is divided into two parts. The purpose of the first part is to adjust the gas flow 

and get a reference value to compare with the second test. At first a measurement with the probe is 

made to calibrate the gas flow to the burners so the correct temperature is reached in the plume. A 

higher gas flow gives a higher temperature. At the same time you get a good picture over the heat 

distribution to the probe (which side becomes the hottest and so on). The temperatures from the 

probe are recorded to be used in the second part of the test. To get some reference values to 

compare with during the tests some plate thermometers are used. To shield them from reaction 

from the test object there are mounted at the outside of the table, see red plates in Figure 44. The 

temperatures from the plate thermometers are recorded and are later on compared with the 

measurements in the second test. If the measurement from the first part and the second part is 

equivalent it can be assumed that the heating process for the both tests is the same. 

 

Figure 44. Concept picture of the suggested method. 
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The second part of the test is with the live munition. Instead of the probe the real test object is 

placed at the same spot where the probe where placed in the plume. The same gas flow as in the 

first part has to be used. If the measurements from the two parts are equivalent it can be assumed 

that the right temperature is reached even during the second part of the test.  

To satisfy the requirements in STANAG 4240 the test can be complemented with thermocouples as 

stated in the standard. Even these can be used as references during the two heating processes.  

The measurements from the probe can later on be used to calculate the incoming radiation in the 

same way as earlier described in the report, se chapter 3.2.  
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Appendix A. Design drawings for the sand bed burner 
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Appendix B. Design drawings of the TAST-probe 
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Appendix C. Mission statement in Swedish 

Uppdragsbeskrivning: Examensarbete ”Sandbäddsbrännare för Fast Cook-Off test” 

 
Beskrivning 

En mycket viktig del av utvecklingen av nya explosivämnestekniska vapensystem, som t.ex. 

kanonammunition och verkansdelar till missiler, inriktas på att göra systemet lågkänsligt. 

Detta innebär att systemet skall reagera på ett avsevärt mindre våldsamt sätt än vad 

konventionella system gör, då det hamnar i vådasituationer som exempelvis brand, 

beskjutning, splitterträff eller explosion i dess omedelbara närhet. 

För att avgöra om ett vapensystem uppfyller de krav som ställts upp för lågkänslighet, utsätts 

systemet för speciella provningar. En av dessa provningar visar hur systemet reagerar då det 

hamnar i en eldsvåda. Denna provning benämns ”Fast Cook-Off test” och betecknas FCO. 

Enligt ursprunglig provningsbestämmelse utgörs bränslet vid denna provning av flygbränsle 

som t.ex. Jet A-1. Nu pågår, bl.a. vid Bofors Test Center (BTC), ett arbete med att använda ett 

alternativt bränsle av propangas (LPG). Detta bränsle innebär stora fördelar jämfört med 

flygbränsle vad gäller miljöbelastning, arbetsmiljö och provningskostnad. 

Syfte 

Syftet med detta examensarbete är att ta fram och genom provning verifiera en 

provningsutrustning (sandbäddsbrännare), ett inert provningsobjekt (mätprob) innefattande en 

mätmetod (temperatur och värmestrålning) och en analys av uppvärmningsförloppen vid 

brand med flygbränsle respektive propangas. Provningsutrustningen skall vara tillräcklig för 

uppvärmning av objekt av storlek motsvarande en 155 mm artillerigranat. Tillverkning av 

provningsutrustning och det inerta provningsobjektet sker vid BTCs verkstad om så önskas. 

Det inerta provningsobjektet tillverkas dock med fördel av examensarbetarna så att det kan 

utprovas i viss mån innan provning av sandbäddsbrännare. 

Genomförande 

Examensarbetet kan förslagsvis utföras i följande steg:  

Introduktion 

 Handledare från BTC informerar om BTC och beskriver uppgiften mer detaljerat. 

Examensarbetarna presenterar sig själva och beskriver grovt hur de tänkt lösa uppgiften. 

Studiebesök för att bese befintlig propangasanläggning vid BTC och BTC:s verkstad för 

tillverkning av utrustning. 

Informationssökning 

 Examensarbetarna söker, med stöd av handledare från BTC, efter den grundinformation 

som behövs. Detta kan handla om standarder, ritningsunderlag, leverantör av 

provningsutrustning etc. Beträffande standarder ges riktlinjerna för denna provning i 

STANAG 4240 ed.2 och AOP-39 ed.3. 
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Planering 

 En planering över hur projektet ska bedrivas ska tas fram. Detta arbete kan med fördel 

utföras i MS Project.  

Budgetarbete 

 En budget för projektet ska utarbetas. Denna ska godkännas av handledaren från BTC.  

Konstruktion 

 Design och konstruktion inklusive ritningsunderlag till provningsutrustningen och till 

mätproben ska tas fram. Dessa underlag bör finnas tillhanda efter 

informationssökningsfasen. Provningsutrustningen ska ritas upp i 3D CAD. Eftersom 

BTC inte kan tillhandahålla sådana system utförs detta arbete vid Luleå Tekniska 

Universitet. Ritningsunderlaget ägs efter avslutat projekt av BTC.  

 Styrande för konstruktionen är att så många komponenter som möjligt är av standardtyp. 

Detta i syfte att hålla kostnader nere samt för att enkelt kunna reparera systemet då detta 

slås sönder vid eventuella våldsamma reaktioner hos skarpa provningsobjekt. Vidare skall 

bränslet som skall användas vara propangas dessutom skall systemet vara mobilt och ej 

behöva tillståndskrav från myndigheter (Länsstyrelse, kommun, MSB). Konstruktionen 

skall uppfylla kravspecifikationen enligt STANAG 4240 ed.2 och AOP-39 ed.3. 

Materielframtagning och tillverkning 

 Den materiel som behövs ska tas fram och tillverkning ska utföras. Hur det utförs bestäms 

till stor del av examensarbetarna men tillverkning sker vid BTC:s verkstad. Viktigt är att 

budgeten hålls, att standarder följs och att provningsutrustningen uppvisar 

tillfredsställande kvalitet. 

Verifiering 

 Provningsutrustningen ska verifieras genom skarp provning. Framtagning av mätmetod 

(med fokus på värmestrålningsmätning) skall göras. Provningen kommer att utföras på 

BTC med stöd av handledare från BTC. Eventuellt kan viss provning under 

framtagningsfasen göras på annan plats. En jämförelse skall (om möjligt) göras mellan 

uppvärmning med flygbränsle respektive med propangas i sandbäddsbrännare. Härvid 

skall också en jämförelse göras mellan uppvärmning med på BTC befintlig 

propangasutrustning och med sandbäddsbrännare. 

Analys 

 En analys av uppvärmningsförloppet med flygbränsle respektive med propangas skall 

göras och teorin för förloppet med de två medierna beskrivas och diskuteras. 
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Projektuppföljning 

 Såväl projektplan som budget ska följas upp under projektets gång för att slutligen 

summeras och analyseras.  

Avrapportering 

 En teknisk rapport över arbetet ska skrivas på engelska. Den ska även innehålla all 

dokumentation som inhämtats under arbetets gång samt allt ritningsunderlag. 

Avrapporteringen ska även ske muntligt med stöd av ett presentationsunderlag i MS 

PowerPoint. Kopior härpå skall överlämnas till BTC. 

Bofors Test Center skall äga full rätt att presentera materialet som framkommit i detta 

examensarbete vid sådana tillfällen som företaget finner vara av intresse. 

Tidsåtgång 

Uppdragets omfattning förordar två examensarbetare á 10 veckor. 

Arbetet är rekommenderat att bedrivas på halvfart under ca 6 månader. 

Tidsplan 

Förslag: 

11 februari – 30 augusti 2013. 

Redovisning av arbetet skall ske senast 30 augusti 2013. 

Plats 

Bofors Test Center, Karlskoga, eller Luleå Tekniska Universitet, beroende på vilket moment 

som utförs. 
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Appendix D. Propane flow for same HRR as for Jet A1 
 

Material parameters 

 LPG Jet A1 

∆Hc (combustion energy) 46.0 MJ/kg63 43.15 MJ/kg64 

ρ (density) 2 kg/m3 65 804 kg/m3 66 

 ̇ 
  (mass loss rate, kg/s) - 0.053 (calculated) 

 ̇  (mass loss rate, kg/s) - 0.052 kg/s (calculated) 

 

Calculations 

In SFPE Handbook the mass loss rate for similar fuels (JP-4 and JP-5) are presented between 0.051 

and 0.054 kg/s 67. The diameter for a 1 m2 pool is 1.13 m and kβ is 3.6 (for JP-4). This gives us: 

 ̇    ̇ 
 (       )                                 

The heat release rate is given by: 

 ̇     ̇         where   Af = area of the fire 

                        ̇ = mass loss rate 

                   = combustion efficiency 

                                        = heat of combustion 

We get: 

 ̇                            

This is the heat released from combustion of one square meter jet fuel. In order to calculate the 

required flow of LPG (kg/s) the heat of combustion for propane is used.   is assumed to be 0.9. For a 

gas in its flammable range, all supplied gas will be combusted instantaneously68. We get: 

  ̇   ̇    ⇒  ̇  
 ̇

    
 

    

        
               

The density for propane is approximately 2 kg/m3 (0 ˚C and 1 atm) which equals 0.01895 ≈ 0.02 m3/s 

or 20 liters/s. 

1.15 m2 gives a flow of 0.0379 * 1.15 = 0.0436 ≈ 0.044 kg/s = 158.4 kg/hour.

                                                           
63 Karlsson, Enclosure Fire Dynamics, 35 
64 AIR BP, Handbook of products, 13 
65 Sievert, Gasolinformation, 45 
66

 AIR BP, Handbook of products, 13 
67 DiNenno, SFPE Handbook, 3-37 
68

 Drysdale, An introduction to fire dynamics, 12 
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Appendix E. Product specifications for thermocouples 
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