
ABSTRACT 

DEVANANDA , VIJAYANANDA VIVEK . Numerical Investigation of the Effect of Gravity on 

Backdraft Phenomena in an Enclosure with Varying Opening Geometries. (Under the direction of 

Dr. Tarek Echekki). 

 

When air/oxygen enters an oxygen-starved compartment rich in fuel, a combustible 

mixture is formed. This mixture will combust when it comes into contact with a heat source 

forming a deflagration wave that exits the compartment through the opening. This is called 

backdraft. Backdrafts are extremely dangerous and are also a major threat to firefighters. It is 

known that gravity currents cause the formation of backdraft. As human beings are trying to 

explore the frontiers of space, it becomes necessary to study the formation and the effects of 

backdraft under varying gravity conditions. The influence of the opening geometry on the 

backdraft is also studied.  

Large Eddy Simulation (LES) is employed in this work. A FORTRAN toolkit called Fire 

Dynamics Simulator (FDS) developed by NIST (the National Institute of Standards and 

Technology) is used to conduct the simulations. A GUI for FDS called PyroSim is utilized for the 

development of study cases. Four different opening geometries are studied under ten different 

gravity conditions. All simulations are repeated three times by introducing variability into the LES 

simulations to understand the trend.  

It is observed that the gravity strength affects the ignition and total time of backdraft 

occurrence non-linearly. Moreover, the smoke exiting the enclosure can serve as an indicator of 

the arrival of backdraft allowing us to take precautions. The heat impact was observed to have the 

most damaging effect compared to the momentum flow in all the cases studied. Moreover, out of 

the four models, the opening configuration of model 3 is the most dangerous in terms of the heat 

and momentum transferred.   
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CHAPTER 1 

INTRODUCTION  

The backdraft phenomenon is the deflagrative burning of a combustible mixture of gases 

in an oxygen-depleted compartment/enclosure. When a slot is opened in the compartment, oxygen 

rushes in due to the gravity current, facilitating conditions for the reignition of the rich fuel mixture. 

The deflagration exits the slot in a short time with significant heat release. Backdraft poses a severe 

threat to firefighters. As human beings are trying to explore the frontiers of space, the study of 

backdraft under reduced gravity conditions has gained importance. Facilities such as space stations 

and possible human settlements outside of Earth could be under the force of gravity much less than 

that of the Earth.  

How the backdraft phenomenon behaves under such conditions is of increased concern. At 

the same time, the effect of slot geometry on backdraft dynamics and the damaging effects of 

backdraft under varying gravity are also studied. 

1.1 BACKDRAFT PHENOMENON  

As explained by C.M. Fleishmann [1] in one of his works, a fire in a closed compartment 

generates byproducts of combustion and heat. If the fuel is a hydrocarbon, the byproducts will 

mainly be carbon dioxide and water vapor, provided the equivalence ratio is in the vicinity of one. 

The compartment has a small leakage facilitated by cracks and crevices in the walls and around 

the hatch. This limits the buildup of pressure in the compartment.  

As the combustion proceeds, the byproducts may include additional products such as 

carbon monoxide, soot, and excess fuel as the oxygen around the fire gradually depletes and the 

fire keeps supplying fuel. It is assumed that the heat source remains as a small flame or ember at 

the bottom of the compartment.  
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The air rushes in when a slot or window is opened in one of the compartment's walls. The 

hot combustion products will escape through the top portion of the compartment while the cold air 

enters through the bottom portion. This flow is driven by the variation in density between the hot 

and cold gases and is called the gravity current [2], [3]. Mixing occurs at the interface between the 

cold air and hot combustion products due to the instabilities at the shear interfaces between the 

cold inflow and hot outflow.  

 

Figure 1.1: Backdraft fireball exiting the enclosure in a real-life experiment by the Slow Mo 

Guys [4]. 

A portion of these mixed gases is in the flammability limit and ignites when it is in contact 

with the heat source. The flame then propagates through the mixing layer. The resulting turbulent 

deflagration inside the compartment drives the remaining unburnt fuel and combustion products 

out through the opening to burn outside as a fireball [1].  
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1.2 BACKGROUND  

This study is based on the experimental work [3] of Weng Et al. and the computational 

work [2] of Shreyas Et al. Methane is used as the fuel in these works. Methane is one of the simplest 

hydrocarbons and a major natural gas constituent with the chemical formula CH4.  

Four different opening geometries are simulated in this work. The first opening geometry 

is the one used in the experiment and is used as the baseline case. The other three geometries are 

constructed by modifying the first simulation. Weng Et al. conducted backdraft experiments in a 

reduced scale compartment (dimensions: 1.2 m X 0.6 m X 0.6 m) with an opening/hatch 

(dimensions: 0.6 m X 0.2 m) in the middle of the end wall. Various data acquisition systems were 

used in the experiment, details of which are explained in reference 3.  

In the experiment, a 60 s baseline time was taken to measure the initial conditions. Then 

the burner was turned on. The fire starts when the heating coil is switched on. The hatch is suddenly 

closed at the end of 60 s and the timer is set to zero. After a said amount of time, methane flow to 

the burner is cut off and the hatch is opened. During this time, the fire inside the enclosure goes 

from combustion to extinction due to the consumption of available oxygen. The heat source is 

turned off at the end of the experiment. The experiment was run for 8 sets of varying fuel flow 

rates and flow time (burner time). In the current study, the last set (8th set) is simulated and 

compared against for validation.  

1.3 OBJECTIVES   

The main objective of this study is to find out the combined effect of gravity and the 

opening geometry of the enclosure (a study on the influence of gravity alone was already 

conducted by Shreyas Et al.) on the backdraft phenomenon. An attempt is also made to understand 

whether any visual cues can be obtained from the experiment that signal the formation of backdraft 
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so that precautions can be taken. The damage that can be caused by backdraft is also assessed by 

measuring the total momentum flow and total heat transfer at various locations in the domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

5 

 

CHAPTER 2 

NUMERICAL METHOD AND SETUP  

A FORTRAN toolkit developed by the National Institute of Standards and Technology 

(NIST) called Fire Dynamics Simulator (FDS) version 6.8 was used for the simulation. FDS is a 

computational fluid dynamics model of fire-driven flow [5]. FDS numerically solves a form of the 

Navier-Stokes equations suitable for low Mach numbers (Ma < 0.3 or incompressible flow) which 

are thermally driven. More details about the solver are available in reference 5 [5].  

A graphical user interface (GUI) called PyroSim is also employed for the easier 

visualization of the problem and creation of the FDS input code. FDS is integrated into PyroSim. 

More details are available in the reference [6].  

FDS has powerful parallel processing capabilities. For computer clusters, FDS employs a 

Message Passing Interface (MPI). MPI enables multiple computers or multiple cores on a single 

computer to run a problem with multiple meshes. Each mesh is considered a process or task. MPI 

handles information transfer between various meshes. The high-performance computing (HPC) 

cluster at NC State University called Hazel was utilized for running this work. Hazel operates on 

a Linux operating system. The problem is divided into different meshes or subdomains. The 

problem is then submitted for running into the HPC using a job scheduler called LSF (Load Sharing 

Facility developed by IBM). 

2.1 NUMERICAL APPROXIMATION  

One of the challenges of the current study was to numerically approximate the experiment. 

A Direct Numerical Simulation (DNS) was not feasible owing to unrealistic computational costs. 

As such, simulating the experimental conditions from the beginning that involved fire combustion, 

extinction, and re-ignition was not possible.  



   

6 

 

As mentioned in reference 3, the hatch in the enclosure is opened after a specific amount 

of time during which the fire extinguishes due to lack of oxygen. Weng Et al. have recorded the 

conditions at this point inside the compartment when the hatch is opened. This is taken as the 

starting point of the simulation. This is sufficient given the fact that the backdraft is initiated once 

the gravity current enters the compartment after the hatch is opened. This starting point also avoids 

the need to simulate the costly extinction and re-ignition process. The details of the model and 

initial and boundary conditions are explained in the next section.  

2.2 MODEL SETUP 

Modeling, meshing, and setting up the initial and boundary conditions are done using 

PyroSim. The generated FDS code is then exported to be run on the HPC. For the baseline case 

(also called model 1), the model used by Shreyas Et al. is recreated. Figure 2.1 shows the model 

of the enclosure with the baseline geometry and the computational domain used in all the cases. 

Figure 2.2 shows the other three opening geometries. It is convenient to discuss the specifics of 

the baseline geometry because the other three cases are almost the same with different openings 

and locations of certain sensors. 

2.2.1 GEOMETRY AND DOMAIN  

The enclosure is of the dimensions 1.2 m X 0.6 m X 0.6 m. The thickness of the wall is 

0.02 m. There is a surrounding area outside the compartment, one directly above (1.2 m X 0.6 m 

X 0.6 m) and one in front of the opening (1.9 m X 0.6 m X 3.0 m). There is an ignition block of 

dimensions 0.12 m X 0.12 m X 0.06 m located along the wall opposite to that of the opening. This 

ignition block is activated when the gravity current reaches the top of the ignition block. The arrival 

of the gravity current is sensed by an oxygen mass fraction sensor located above the ignition block. 
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Figure 2.1: Computational geometry of model 1 with a vertical opening (hatch) geometry. 

 

 

Figure 2.2: Opening geometries of models 2, 3, and 4 respectively. 
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The opening /hatch dimensions of model 1 are 0.02 m X 0.2 m X 0.6 m. The opening dimensions 

of model 2 are 0.02 m X 0.6 m X 0.2 m. Openings in models 1 and 2 have a cross-sectional area 

of 0.116 m2. The opening dimensions of models 3 and 4 are 0.02 m X 0.18 m X 0.12 m. Openings 

in models 1 and 2 have a cross-sectional area of 0.0216 m2. The various sensors used in the model 

are: 

1. Oxygen mass fraction sensor:  

This device is located at <0.04m, 0.3m, 0.12m>. It detects the arrival of the gravity current 

to the farther end of the enclosure. This sensor activates when the oxygen mass fraction rises above 

0.2 kg/kg which then activates the ignition block. 

2. Pressure sensor:  

This sensor is located at <0.9 m, 0.02 m, 0.02 m>. It measures the pressure during the 

backdraft process. Its position is the same as in the experimental study of Weng Et. al and in other 

numerical works [2], [7], [8], [9]. 

 

Figure 2.3: Location of oxygen mass fraction and pressure sensors in model 1. 
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Figure 2.4: Location of Plane A, B, and C sensors in model 2. 

 

 

Figure 2.5: Location of Plane A, B, and C sensors in model 3. 
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Figure 2.6: Location of Plane A, B, and C sensors in model 3. 

3. Compartment center sensors:  

Six sensors are located at the center of the enclosure <0.6 m, 0.3 m, 0.3 m> to measure the 

mass fractions of methane, oxygen, water vapor, carbon dioxide, carbon monoxide, and nitrogen. 

These quantities are measured for study which is beyond the scope of this research. 

4. Exit sensors:  

Seven sensors measuring the mass fraction of methane, oxygen, water vapor, carbon 

dioxide, carbon monoxide, nitrogen, and soot are located at <1.21 m, 0.3 m, 0.3 m> in models 1 

and 2. These are located at <1.21 m, 0.3 m, 0.49 m> in model 3 and <1.21 m, 0.3 m, 0.11 m> in 

model 4. A small tolerance of 0.01 m is provided to the location of sensors in the x direction to 

prevent any interaction with the compartment geometry. 

5. Plane A, B, and C sensors:  

Pyrosim doesnôt have sensors to directly measure momentum flow and heat transfer 

through an area in the computational domain. Hence various sensors are utilized to measure 

quantities that can be used to calculate the momentum flow and heat transfer. Momentum flow 
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and heat transfer are measured at three planes viz. x = 1.2 m (called Plane A), x = 1.7 m (called 

Plane B), and x = 2.2 m (called Plane C). Various sensors are placed at these planes panning the 

area projected by the opening into these planes. This sensor arrangement can be seen in Figures 

2.3 to 2.5. There are 21 sensor points in models 1 and 2. In models 3 and 4, there are 12 sensor 

points. At each point, 4 different sensors measure various quantities. These include density, cell 

center u-velocity, the absolute value of the cell center u-velocity, and gauge heat flux of the gas. 

Gauge heat flux gas measures the heat flux of the gas passing through it. Cell center u-velocity 

output vector quantity. More details about these sensors can be found in the reference [5]. A 

tolerance of 0.01 m is provided in those areas where the sensors intersect the compartment and 

boundaries of the domain to avoid errors. The calculation of momentum flow and heat transfer is 

shown below. 

 

                                               Momentum flow, P = ɟ.u.|u|.A kg.m.s-2                                                     (2.1)  

     

Where ɟ is density in kg/m3, u is cell center velocity in m/s2, |u| is the absolute value of the cell 

center velocity and A is the area spanned by the sensors in m2. A is 0.116 m2 for models 1 and 2. 

A is 0.0216 m2 for models 3 and 4. ñaò means that a is óaô vector quantity. The average momentum 

flow through the area projected by the opening on the planes in the model is calculated by the 

equation (2.2). 

 

                                               Momentum flow, P = 
В ȿȿ

 . A kg.m.s-2                                             (2.2) 
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Where n is the total number of sensors on that plane, it is 21 for models 1 and 2. Whereas, it is 12 

for models 3 and 4. Heat transfer is given by equation (2.3).  

 

                                                         Heat transfer, q = qò.A kW                                                 (2.3) 

 

Where qò is the gauge heat flux of the gas measured in kW/m2 and A is the area spanned by the 

sensors in m2. The average heat transfer through the area in the model is calculated by equation 

(2.4). 

 

                                                       Heat transfer, q = 
В ͼ

 . A kW                                                   (2.4) 

 

Where n is the total number of sensors on that plane. 

2.2.2 DISCRETIZATION  

The whole domain is discretized using a resolution of 2 cm. This results in a total of 

535,500 cells. The domain is further subdivided into 26 sub-meshes. This facilitates the utilization 

of the MPI process supported by FDS. A total of 26 processes in the HPC are allocated to each 

simulation. This reduces the run time significantly compared to if run in series or on a personal 

computer with much fewer processing units.  

2.2.3 NUMERICAL MODEL  

FDS by default uses a mixing-controlled combustion model. This is a single-step infinite-

rate combustion model. However, the backdraft phenomenon cannot be accurately captured using 

the mixing-controlled combustion model as shown by Ji-Woong Park Et al. [9]. Thus, a finite-rate 
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combustion model must be adopted for simulating backdraft experiments. The following single-

step chemical reaction is used in this work: 

 

                                    CH4 + 1.9 O2                                     0.9 CO2 + 2H2O + 0.1Cs                           (2.5)  

 

The rate constant for the above single-step reaction is given by the Arrhenius law as [10]: 

 

                                      Rate constant, k = A Tn exp (-Ea/RT) (cm3/mol)0.5-s                            (2.6) 

 

Where A is the pre-exponential factor in (cm3/mol)0.5-s, Ea is the activation energy in J/mol, R is 

the universal gas constant (8.314 J/K-mol) and T is the absolute temperature in Kelvin scale. The 

rate of the chemical reaction is given by the equation:  

 

                                               d[CH4]/dt = k [CH4]
1 [O2]

0.5 mol/cm3-s                                      (2.3)  

            

ñ[]ò represents the concentration of the species in mol/cm3. For convenience, the value of n in 

equation (2.2) is taken as 0. The values of A and E are taken as 1.49 X 1012 (cm3/mol)0.5-s and 

107,460 J/mol respectively. The values of A and E have been altered from what is reported in 

Westbrook and Dryer [10] because LES spatially averages the temperature and species 

concentration. The adjusted values accommodate for this averaging [2]. The value of critical flame 

temperature is set to the default value of 1507oC for methane. The value of auto-ignition 

temperature is set to be 150oC, much less than that of methane to avoid spontaneous ignition [2], 

[5]. The model is run for 10 different gravity values from 0.1 g to 1.0 g at an increment of 0.1g.  
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2.2.4 INITIAL CONDITIONS  

It is noted in the experiment conducted by Weng Et al. that there is a formation of two 

separate regions of different temperatures inside the enclosure just after the hatch is opened. For 

the 8th set, the initial conditions in the enclosure are shown in Table 2.1. 

Table 2.1: Initial conditions inside the enclosure. 

Quantities Upper layer Lower layer 

Height (m) 0.32 0.28 

Temperature (oC) 103 67 

Nitrogen mass fraction (kg/kg) 0.6994 0.6994 

Oxygen mass fraction (kg/kg) 0.146 0.146 

Methane mass fraction (kg/kg) 0.1224 0.1224 

Carbon dioxide mass fraction (kg/kg) 0.021 0.021 

Carbon monoxide mass fraction (kg/kg) 0.0012 0.0012 

Soot mass fraction (kg/kg) 0.01 0.01 

There is no soot recorded in the work of Weng Et al. or Shreyas Et al. An arbitrary mass 

fraction of soot was added to the enclosure. This makes up for the fact that during the time the fire 

went from ignition to extinction, the fuel burnt in a rich stoichiometric ratio that could have led to 

incomplete combustion and generation of smoke.  

The background pressure in the computational domain is set as the default 1.01325 X 105 

Pascals. All recorded values of pressures in the simulation are recorded above this value or in other 

words, gauge pressure is recorded. The surrounding temperature is set as 20oC. The air in the 
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surroundings has a composition (mass fraction) of nitrogen, oxygen, water vapor, and carbon 

dioxide 0.76274 kg/kg, 0.23054 kg/kg, 0.00626 kg/kg, and 0.00046 kg/kg respectively.  

2.2.5 BOUNDARY CONDITIONS  

The walls of the enclosure are modeled as adiabatic which is a close approximation of the 

experiment. The rest of the computational domain was modeled as open to the surroundings. The 

top face of the ignition block is modeled to have a constant temperature of 1500oC.  

2.2.6 PRESSURE SOLVER  

The default pressure solver in FDS is FFT. An optional pressure solver called the ULMAT 

is used in this work. With this solver, normal components of velocity at a solid surface could be 

calculated exactly without any penetration error [5]. ULMAT is slower than FFT, however, it is 

less expensive than the other optional solvers available in FDS which have higher accuracy.  

2.3 INTRODUCING RANDOM  PERTURBATIONS IN  LES SIMULATIONS  

Random perturbations can be introduced into the same simulation to check the oscillations 

of the system about a mean point. In FDS, there is a parameter called NOISE_VELOCITY that 

introduces a small amount of ñnoiseò into the flow field [5]. By default, this value is 0.005 m/s. 

By varying the value of the NOISE_VELCOITY, randomization of the simulation can be achieved. 

In this work, a set of three simulations were run each with different NOISE_VELOCITY values. 

Each set of simulations has 4 models with 10 gravity values. Thus, a total of 120 runs were 

conducted. The details of the simulations and their corresponding NOISE_VELOCITY values are 

shown in Table 2.2. 
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Table 2.2: Simulation set and corresponding NOISE_VELOCITY values. 

Simulation Set NOISE_VELOCITY Value (in m/s) 

1 0.005 

2 0.004 

3 0.006 

Interestingly, the maximum pressure value of model 1 from set 3 is closer to the 

experimental value, which is seen in the next chapter. Thus, the grid convergence study was 

conducted on the set 3 model.  

2.4 GRID CONVERGENCE STUDY   

A grid convergence study was conducted using a resolution of 1 cm in the baseline case of 

model 1 for the noise velocity value of 0.006 m/s. The maximum pressure and heat release rates 

were compared between the two cases.  The maximum pressures for the 2 cm and 1 cm grid models 

were 8 Pa and 11.64 Pa respectively. This is not a significant variation considering the value of 

the total thermodynamic pressure (1.01325 X 105 Pa). The maximum heat release rates in the 

compartment for the 2 cm and 1 cm grid models were 425.54 kW and 414.94 kW respectively. It 

was concluded that the model with a 1 cm grid was adequate for this study rather than a finer and 

more computationally expensive model. It is also noted that the maximum Mach number in all 

cases is within the allowable limit of FDS. 
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CHAPTER 3      

RESULTS OF MODEL 1 

3.1 COMBUSTION DYNAMICS  

One of the methods by which FDS outputs data from devices is through comma-delimited 

files. These files can be easily accessed using Microsoft Excel.  Data analysis can also be done in 

Excel such as plotting graphs. All charts that have been used in this work are made using the Excel 

program. The FDS also outputs various types of data, a few of them being SLCF (slice) and 

smoke3d files. Slice files record gas phase quantities at more than one point. The slice can be a 

line, plane, or volume. Smoke3d files can be rendered as realistic fire and smoke. It is observed 

that the maximum pressure value of the baseline model under normal gravity conditions 

approximately matches that of the experimental value [3] (7.79 Pa) in set 3 simulation runs. Also, 

qualitative results are very similar for all sets. Hence, qualitative results are shown only for set 3 

results.  

Model 1 is the baseline case used in this work. The geometry is shown in detail again in 

Figure 3.1. The initial, and boundary conditions are explained in the previous chapter. Figure 3.2 

shows the density contour of the simulation at a time t = 2.4 s through the central y plane. The 

image has been zoomed in since the important phenomena happen in the enclosure and its 

immediate vicinity. We can see the variation in the density of gases. The cooler, higher-density air 

comes in from below and the hotter, low-density mixture of gases inside the chamber goes out 

through the upper part of the opening. The combustion has just been initiated at this point. Figure 

3.3 shows the velocity vector plot of the same model shown in Figure 3.2. It confirms the 

phenomenon seen in Figure 3.2. Figures 3.4 and 3.5 show the density and velocity vector plots for 

model 1 of set 3 under a much lesser gravity of 0.1 g. The plots are qualitatively similar to those 
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Figure 3.1: Setup of Model 1. 
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Figure 3.2: Density contour of set 3 at t = 2.4 s, 1 g through plane y = 0.3 m. 

 

 

Figure 3.3: 2D velocity vector plot of set 3 at t = 2.4 s, 1 g through plane y = 0.3 m. 
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Figure 3.4: Density contour of set 3 at t = 7.2 s, 0.1 g through plane y = 0.3 m. 

 

 

Figure 3.5: 2D velocity vector plot of set 3 at t = 7.2 s, 1 g through plane y = 0.3 m. 
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1.00 g 0.50 g 0.10 g 

 

Figure 3.6: Temperature contour evolution of backdraft from ignition of set 3 through plane y = 

0.3 m. Time is shown in each frame. 
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1.00 g 0.50 g 0.10 g 

 

Figure 3.7: HRRPUV contour evolution of backdraft from ignition of set 3 through plane y = 0.3 

m. Time is shown in each frame. 
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1.00 g 0.50 g 0.10 g 

 

Figure 3.8: Oxygen mass fraction contour evolution of backdraft from ignition of set 3 through 

plane y = 0.3 m. Time is shown in each frame. 
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1.00 g 0.50 g 0.10 g 

 

Figure 3.9: Methane mass fraction contour evolution of backdraft from ignition of set 3 through 

plane y = 0.3 m. Time is shown in each frame. 
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under normal gravity conditions. However, from the velocity vector contour, we can see that the 

velocity of the gases is much less than that of the normal gravity conditions. This is because the 

strength of gravity current reduces with gravity and thus it takes a longer time for the gases to 

reach the farther left of the enclosure. It must be noted that at 0.1 g, ignition occurs at t = 7.18 s.  

Figures 3.6 to 3.9 show the evolution of temperature, HRRPUV, oxygen mass fraction, and 

methane mass fraction respectively for set 3. The time of each frame is shown at the bottom right 

of each image. A visual comparison is made between these phenomena under three gravity 

conditions viz. 1 g, 0.5 g, and 0.1 g. We can see that these contours are very similar to each other 

under the three gravity conditions. It can also be observed from the oxygen mass fraction contour 

that oxygen starts reacting with methane in the upper layer first and then the reaction proceeds to 

the lower layer as seen in the contour diagrams. It can thus be concluded that backdraft occurs 

under all gravity conditions.  

Figure 3.10 shows the plot of ignition time against gravity strength. Ignition time increases 

sharply below 0.2 g. Ignition time at 0.1 g, 0.2 g, and 1 g are 7.18 s, 4.96 s, and 2.37 s respectively 

for set 1. These values at 0.1 g and 0.2 g are approximately 303 % and 209 % of that at normal 

gravity conditions respectively. Ignition time for other sets is within 0.01 s of set 1 value. Figure 

3.11 shows the variation of time taken to reach maximum pressure from ignition with gravity. This 

is the time when the deflagration reaches the plane where the pressure sensor is located. This graph 

shows a decreasing trend with gravity strength. The value of this time is 4.89 s, 3.75 s, and 3.87 s 

for 1 g, 0.5 g, and 0.1g respectively for set 1. Similarly, these values are 4.36 s, 3.62 s, and 3.84 s 

for 1 g, 0.5 g, and 0.1g respectively for set 2. For set 3, it is 4.4 s, 3.60 s, and 3.75s respectively 

for 1 g, 0.5 g, and 0.1g. Ignition time combined with the time to reach maximum pressure can be  
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Figure 3.10: Ignition time vs. Gravity strength plot.  

 

 

Figure 3.11: Time to reach maximum pressure from ignition vs. Gravity strength plot.  
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Figure 3.12: Total time for backdraft to occur vs. Gravity strength. 

 

seen as the total time for the backdraft to occur from the opening of the hatch. Figure 3.12 shows 

the variation in the total time for the backdraft to occur from the opening of the hatch with gravity 

strength. We can infer from the plot that the time taken for the backdraft to occur increases with 

decreasing gravity strength. However, the dependence of total time on gravity strength is non-

linear. The total time for the backdraft to occur is 6.77 s, 6.77 s, and 10.93 s for 1 g, 0.5 g for set 

1. For set 2, these times are 6.74 s, 6.80 s, and 11.03 s for 1 g, 0.5 g, and 0.1 g respectively. Finally, 

for set 3, these times are 7.26 s, 6.93 s, and 11.05 s for 1 g, 0.5 g, and 0.1 g respectively.  

3.2 STRENGTH OF BACKDRAFT  

It has been established that backdraft occurs under all gravity strengths. Now, how does 

the strength of the backdraft with gravity vary? This can be examined by looking at two 

parameters. The peak pressure and the heat release rates in the domain. It must be noted that the 

peak pressure values will vary depending on the pressure sensor location. However, in this study,       
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Figure 3.13: Maximum pressure vs. Gravity strength plot. 

 

 

Figure 3.14: Pressure vs. Time since ignition plot, set 1. 
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Figure 3.15: Pressure vs. Time since ignition plot, set 2. 

 

 

Figure 3.16: Pressure vs. Time since ignition plot, set 3. 
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the location is exactly similar to that in the experiment conducted by Weng Et al [3] shown in 

Figure 3.1.  

Figure 3.13 shows the variation of maximum pressure with gravity strength for all sets of 

runs. Looking at individual graphs, one can observe that the maximum pressure increases with 

decreasing gravity from 1 g, peaks between 0.4 g and 0.5 g, and then drops down. This trend can 

also be seen in the pressure vs. time since ignition plot under 1.0 g, 0.5 g, and 0.1 g for all sets 

shown in Figures 3.13 to 3.15. The maxima occur at 0.4 g (10.82 Pa), 0.4 g (11.59 Pa), and 0.5 g 

(10.73 Pa) for sets 1, 2, and 3 respectively. 

It can also be observed that the pressure graphs have two peaks. This is most prominent in 

normal gravity conditions. Ji-Woong Park Et al. [7] obtained similar results. The reason has also 

been explained in his work. Considering normal gravity conditions, we can see that the first peak 

occurs at around 4.3 s, 4.4 s, and 3.6 s after ignition for sets 1, 2, and 3 respectively. From Figures 

3.6 and 3.7, we can see that this pressure rise is caused when the fuel-air mixture first ignites. The 

second peak occurs at around 4.9 s after ignition and 0.6 s after the first peak in set 1. These values 

are 5.5 s after ignition and 1.1 s after the first peak for set 2.  In the case of set 3, the second peak 

occurs 4.4 s after ignition and 0.8 s after the first peak. The second peak occurs when the backdraft 

passes through the exit.  It must be noted that in set 2, maximum pressure occurs at the first peak 

whereas in other cases it occurs at the second peak. It must be noted that these pressure values are 

irrelevant compared to the total thermodynamic pressure. The pressure rise is negligible because 

the mode of combustion is deflagration. In case of a detonation, the pressure rise will be significant. 

We can also see a dip in the pressure after the deflagration has passed. This is due to the 

reduction in pressure due to the sudden expulsion of gases out of the enclosure. The pressure 

slowly rises to background pressure as air from outside fills in the chamber. 
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                   Figure 3.17: Compartment heat release rate vs. Time since ignition plot. 

 

 

Figure 3.18: Total heat release rate vs. Time since ignition plot. 
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Figure 3.19: Maximum compartment heat release rate vs. Time since ignition plot. 

 

 

Figure 3.20: Maximum total heat release rate vs. Time since ignition plot. 
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Figures 3.17 and 3.18 show the variation in compartment heat release rate and total heat 

release rate with the time since ignition for 1.0 g, 0.5g, and 0.1 g. From the plot of the maximum 

compartment heat release against gravity strength from Figure 3.19, we can see that the maximum 

heat release in the compartment occurs at 0.5 g for set 1 (510. 71 kW) and set 3 (501.38 kW). 

However, for set 2, the maximum occurs at 0.4 g (516.47 kW). Two peaks in compartment heat 

release can be prominently seen for 1 g in all sets which has the same explanation for two peaks 

in the pressure plots.  

For set 1, compartment heat release is 41 %, 34 %, and 29 % of the total heat release for 1 

g, 0.5 g, and 0.1 g respectively. For set 2, compartment heat release is 29 %, 34 %, and 28 % of 

the total heat release for 1 g, 0.5 g, and 0.1 g respectively. In the case of set 3, compartment heat 

release is 36 %, 35 %, and 25 % of the total heat release for 1 g, 0.5 g, and 0.1 g respectively. That 

is, most of the heat released is outside the compartment, and this increases with decreasing gravity 

strength except for set 2. It can also be observed that maximum total heat release occurs between  

 

 

Figure 3.21: Compartment HRRPUV vs. Time since ignition plot. 
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Figure 3.22: Total HRRPUV vs. Time since ignition plot. 

0.3 g and 0.4 g for all cases as seen from Figure 3.20. This is 1601.81 kW at 0.3 g, 1689.88 kW at 

0.4 g, and 1582.72 kW at 0.3 g for sets 1, 2, and 3 respectively. An interesting observation from 

Figure 3.17 is that the peaks are separated by approximately 0.5 s under normal gravity conditions. 

As the gravity strength decreases, the peaks tend to occur at about the same time after ignition. 

Another inference is that both maximum total and compartment heat release follow the same trend 

of the maximum pressure curve in Figure 3.13.  

Let us examine the variation of heat release per unit volume (HRRPUV) against time since 

ignition and gravity strength. We obtain the heat release rate by integrating the HRRPUV over a 

volume. Figures 3.21 and 3.22 show the variation of the compartment and total HRRPUV 

respectively against the time since ignition under 1.0 g, 0.5 g, and 0.1 g for all sets. One can observe 

that the HRRPUV plots are very similar to those of the heat release rate plots only varying in 

quantities measured and their values. Also, the HRRPUV in the compartment is much higher than 

the HRRPUV in the whole domain. Even though the heat release from the compartment is lesser 
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Figure 3.23: Maximum compartment HRRPUV vs. Time since ignition plot. 

 

 

Figure 3.24: Maximum total HRRPUV vs. Time since ignition plot. 
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than that of the whole domain, the volume of the compartment (0.432 m3) is much less compared 

to that of the total volume (4.284 m3). The observation that the peaks are separated by 

approximately 0.5 s under normal gravity conditions, and the peaks tend to occur at about the same 

time after ignition as the gravity strength decreases, is also repeated here in the case of the 

HRRPUV plots. 

From Figures 3.23 and 3.24, we can observe that the compartment HRRPUV peaks at 0.5 

g (1246.31 kW/m3), 0.4 g (1260.37 kW/m3), and 0.5 g (1223.54 kW/m3) for sets 1, 2, and 3 

respectively. Whereas the total HRRPUV peaks at 0.3 g (375.64 kW/m3), 0.4 g (396.30 kW/m3), 

and 0.3 g (371.17 kW/m3) for sets 1, 2, and 3 respectively.  

3.3 VISUAL CUES TO PREDICT BACKDRAFT  

It is of vital importance to know if we can obtain any visual cues that can signal the arrival 

of the deflagration so that precautions can be taken. This can be understood by looking at the plot 

of the soot mass fraction at exit against the time under 1 g, 0.5 g, and 0.1 g for all sets as shown in  

 

Figure 3.25: Exit soot mass fraction vs. Time plot of set 1. 
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Figure 3.26: Exit soot mass fraction vs. Time plot of set 2. 

 

 

Figure 3.27: Exit soot mass fraction vs. Time plot of set 3. 
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Figure 3.28: 3D smoke and fire rendering of set 3 under 1 g. Time is shown in each frame. 

Figures 3.25 to 3.27. The dark-circled point is the ignition time. Under normal gravity conditions, 

the exit soot mass fraction starts to increase rapidly, approximately 0.6 s after ignition. This is 

approximately 1 s after ignition for both 0.5 g and 0.1 g. This is true for all sets. We can see a 

sudden peak in soot mass fraction in all three plots. For normal gravity, this occurs approximately 
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at 6.45 s, 6.74 s, and 6 s respectively for sets 1, 2, and 3. This is when the deflagration reaches the 

exit and pushes out the soot in front of it.  

This can also be confirmed by the realistic 3D rendering of smoke and fire for set 3 shown 

in Figure 3.28 for 1 g. Thus, we can conclude that the soot mass fraction at exit starts increasing 

earlier at higher gravity conditions. In set 1, under normal gravity conditions, the time taken by 

the deflagration to reach the exit after ignition is approximately 4.89 s. The smoke starts increasing 

0.6 s after ignition. Thus, we have approximately 4.3 s after the smoke starts increasing when the 

deflagration exits the enclosure. This time is 2.75 s and 2.87 s for 0.5 g and 0.1 g conditions 

respectively. In the case of set 2, we have approximately 3.8 s, 2.6 s, and 2.8 s for 1 g 0.5 g, and 

0.1 g respectively. In set 3, these times are approximately 3.8 s, 2.6 s, and 2.75 s for 1.0 g, 0.5 g, 

and 0.1 g respectively. Therefore, there is only so much time to bail once the smoke starts 

increasing through the opening of the enclosure in all situations. It can also be noted that the soot 

mass fraction curve under normal gravity conditions also follows the two-peak trend seen in the 

pressure and heat release curves. 

3.4 EFFECTS OF BACKDRAFT 

Now the question arises what is the damage done by the backdraft? This can be assessed 

by measuring the total momentum flow and heat transfer through Planes A, B, and C. Figures 3.29 

to 3.31 show the variation of total momentum flow through various planes under different gravity 

conditions viz. 1 g, 0.5 g, and 0.1 g. Figure 3.32 shows the maximum total momentum flow 

variation through various planes under different gravity conditions. We can observe that the 

momentum flow graph also follows the two-peak trend as that of the pressure and heat release rate 

graphs. The time at which the first peak and the second peak occur matches closely with that of 

the pressure plots in Figures 3.14 to 3.16. The two peaks are not prominent at Plane C under 1g.  
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Figure 3.29: Total momentum flow through various planes vs. Time since ignition plot for set 1. 

 

 

Figure 3.30: Total momentum flow through various planes vs. Time since ignition plot for set 2. 
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Figure 3.31: Total momentum flow through various planes vs. Time since ignition plot for set 3. 

 

 

Figure 3.32: Maximum total momentum flow through various planes vs. Gravity strength plot. 
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Figure 3.33: Density and velocity vector contour of set 3 through plane y = 0.3 m. Time is shown 

in each frame. 

However, it becomes visible at lower gravity conditions, the reason for which is explained 

subsequently. 

It can be inferred from the plot in Figure 3.32 that momentum flow is maximum through 

plane B under most gravity conditions except at 0.1 g. A maximum momentum of 1.62 N can be 

observed at 0.6 g on Plane B of set 3. In the case of Plane A, the maximum is 0.92 N at 0.5 g of 

set 3. For Plane C, momentum peaks at 0.3 g with a value of 1.02 N in set 1. An important 

observation is the shape of the momentum plots. It increases with decreasing gravity, peaks in 

between 0.3 g to 0.6 g, and then drops down.  

This trend can be easily understood by looking at Figure 3.33 which shows the density and 

velocity vector plots of set 3 under various gravity conditions through the central y plane. The time 

shown in the image is the time at which the deflagration passes the pressure sensor. This time is 

approximated as the time when deflagration reaches the exit plane henceforth since the pressure 

sensor is close to the exit. Momentum flow is proportional to density and square of velocity. The 
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dots seen in the image are the sensors to measure density, velocity, and heat transfer. They are 

arranged in Planes A, B, and C from left to right respectively. Even though the momentum is 

measured over an area perpendicular to the plane of paper, one can get an idea by observing the 

density and velocity changes through the central y plane. Under 1 g, the buoyancy is strong and 

the hot gases with higher velocity rise faster and thus pass the least through Plane C.  Therefore, 

the momentum flow is the least through Plane C. Hot gases with high velocity pass through Plane 

A, however, the density is very low. Thus, the momentum is not very high. Moderately dense gases 

pass through Plane B with sufficient velocity causing the highest momentum to be experienced at 

this location. As the gravity strength decreases, the momentum flow can be felt further away from 

the exit plane. This explains the two peaks becoming more prominent at Plane C at 0.1 g. It must 

be noted that the effect due to momentum transfer is insignificant for model 1 under all conditions. 

Figures 3.34 to 3.36 show the variation of the total heat transfer through planes A, B, and 

C under 1.0 g, 0.5 g, and 0.1 g for all sets, just like measuring total momentum flow. Figure 3.37 

 

Figure 3.34: Total heat transfer through various planes vs. Time since ignition plot for set 1. 
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Figure 3.35: Total heat transfer through various planes vs. Time since ignition plot for set 2. 

 

 

Figure 3.36: Total heat transfer through various planes vs. Time since ignition plot for set 3. 
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Figure 3.37: Maximum total heat transfer through various planes vs. Gravity strength plot. 

 

 

Figure 3.38: Temperature contour of set 3 through plane y = 0.3 m. Time is shown in each frame. 
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shows the variation of maximum total heat transfer through Planes A, B, and C at different gravity 

conditions. It can be observed that heat transfer through Plane A is maximum under all gravity 

conditions. For Plane A, the maximum total heat transfer occurs at 0.4 g in set 2 with a value of 

27.71 kW. For Plane B, the maximum occurs at 0.5 g in set 1 with a value of 16.69 kW. Finally, 

for Plane C, the maximum total heat transfer is 14.29 kW at 0.3 g of set 2. 

The two-peak trend is not very evident in the case of total heat transfer. However, the 

maximum total heat transfer occurs again between 0.3 g and 0.5 g for all cases and the plots follow 

the same trend as that of the maximum pressure curve in Figure 3.13. This behavior can be 

understood by observing Figure 3.38. It shows the temperature contour of set 3 through the central 

y plane at gravity strengths of 1 g, 0.5 g, and 0.1 g. The time shown in the image is the time at 

which the deflagration reaches the exit plane. Temperature can be seen as a direct indicator of the 

amount of heat being transferred. Buoyancy affects the convection heat transfer which is a major 

mode by which heat is transferred. Therefore, under normal gravity conditions, minimum heat is 

transferred through plane C. As gravity decreases, buoyancy decreases, and more heat gets 

transferred through Plane C. We can see from Figure 3.37 that the gap between maximum heat 

transfer between planes B and C closes as the gravity decreases. Under 0.1g and 0.2 g for certain 

sets, heat transfer through Plane C is slightly higher than that of Plane B. This might be due to 

other effects such as radiation which need to be investigated. 

The area through which the heat is transferred is 0.116 m2. Thus, the maximum heat flux 

is 238.88 kW/m2 through Plane A under 0.4 g of set 2 and the minimum heat flux is 25 kW/m2 

through Plane C under 0.9 g of set 1. According to Fu Et al. [11], exposure to a heat flux of 5 

kW/m2 for 20 seconds will cause second-degree skin burn on blackened living skin. As the heat 

flux increases, the time of exposure to cause the skin burn reduces. At heat fluxes more than 50 
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kW/m2, second-degree skin burns occur almost instantly. It has also to be noted from Figures 3.34 

to 3.36 that heat transfer wanes off slowly through the exit plane at 0.1 g owing to very low 

buoyancy. Thus, it can be concluded that damage caused by heat transfer is catastrophic and is a 

major threat in model 1. 

Theodore von Karman [12] and T. B. Benjamin [13] formulated a simple relationship 

between gravity current velocity and gravity strength. According to this relation, the gravity 

current velocity scales with the square root of gravity strength. That is, when the gravity strength 

reduces from 1 g to 0.1 g, it will result in a difference in the magnitude of the gravity current 

velocity by ã10. Since the length of the enclosure remains constant, we can assume that the time 

taken by the gravity current scales inversely with the square root of the gravity strength. We can 

see that this relation holds well for the ignition times in the case of Model 1. That is, we can observe 

that the ignition time at 0.1 g is approximately ã10 times that at normal gravity conditions.  
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CHAPTER 4 

RESULTS OF MODEL 2 

4.1 COMBUSTION DYNAMICS  

Now that we have seen the formation of a backdraft in an enclosure with a door-like 

opening, we move on to explore how the backdraft dynamics, its strength, and its effects change 

in a slot-like opening. The geometry of model 2 is shown in detail in Figure 4.1. The initial and 

boundary conditions are explained in Chapter 2. Just like in the case of model 1, qualitative results 

for set 3 runs are only shown as they are very similar for all sets.  

Figure 4.2 shows the density contour of set 3 at the ignition time of t = 3.6 s through the 

plane y = 0.3 m. Under normal gravity conditions, the air from outside reaches the oxygen mass 

fraction sensor in 3.6 s. Even though the total area of the opening is the same as that of model 1, 

density stratification is vertical. Hence it takes slightly more time for the air to come inside 

compared to the previous model owing to the narrow width of the opening in the vertical direction 

in the central y plane. Figure 4.3 shows the velocity vector contour for the same case. This gives 

us an idea of how the air gets mixed with the hot gases inside the enclosure. The density and 

velocity vector contour at 0.1 g is shown in Figures 4.4 and 4.5. It can be observed that the density 

and velocity vector contours are very similar to each other. However, it can be seen that the 

velocity vectors are smaller under 0.1 g than under normal gravity conditions. In addition to the 

change in the geometry in model 2, the lower gravity current strength makes the air take 11.2 s to 

reach the farther end of the enclosure.  

Figures 4.6 to 4.9 show the evolution of temperature, HRRPUV, oxygen, and methane 

mass fractions respectively for set 3 under three gravity strengths viz. 1 g, 0.5 g, and 0.1 g. We can 

infer from Figures 4.8 and 4.9 that methane gas starts reacting from the top of the enclosure and 
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Figure 4.1: Setup of Model 2. 
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Figure 4.2: Density contour of set 3 at t = 3.6 s, 1 g through plane y = 0.3 m. 

 

 

Figure 4.3: 2D velocity vector plot of set 3 at t = 3.6 s, 1 g through plane y = 0.3 m. 

 



   

51 

 

 

Figure 4.4: Density contour of set 3 at t = 11.2 s, 1 g through plane y = 0.3 m. 

 

 

Figure 4.5: 2D velocity vector plot of set 3 at t = 11.2 s, 1 g through plane y = 0.3 m. 
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1.00 g 0.50 g 0.10 g 

 

Figure 4.6: Temperature contour evolution of backdraft from ignition of set 3 through plane y = 

0.3 m. Time is shown in each frame. 
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1.00 g 0.50 g 0.10 g 

 

Figure 4.7: HRRPUV contour evolution of backdraft from ignition of set 3 through plane y = 0.3 

m. Time is shown in each frame. 
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1.00 g 0.50 g 0.10 g 

 

Figure 4.8: Oxygen mass fraction contour evolution of backdraft from ignition of set 3 through 

plane y = 0.3 m. Time is shown in each frame. 
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1.00 g 0.50 g 0.10 g 

 

Figure 4.9: Methane mass fraction contour evolution of backdraft from ignition of set 3 through 

plane y = 0.3 m. Time is shown in each frame. 
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Figure 4.10: Ignition time vs. Gravity strength plot.  

 

 

Figure 4.11: Time to reach maximum pressure from ignition vs. Gravity strength plot.  
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proceeds to the lower part and outside the enclosure. It can also be seen from the temperature, 

HRRPUV, oxygen, and methane mass fraction contours that the images are qualitatively similar 

under all gravity strengths. Thus, we can conclude that backdraft occurs under all gravity 

conditions for a slot opening considered in this model. 

In this model too, the ignition time increases with decreasing gravity strength. The plot in 

Figure 4.10 shows the quantitative variation of ignition time with gravity strength. Under normal 

gravity conditions, the ignition times are 3.66 s, 4.21 s, and 3.61 s for sets 1, 2, and 3 respectively. 

The ignition time starts increasing steeply from 0.3 g and below. At a gravity strength of 0.3 g, the 

ignition times are 6.42 s, 6.41 s, and 6.48 s for sets 1, 2, and 3 respectively. It increases to 11.11 s, 

11.06 s, and 11.20 s for sets 1, 2, and 3 respectively under 0.1 g.  

Figure 4.11 shows the time taken to reach maximum pressure with gravity strength. This 

plot shows a decreasing tendency with a shallow-slopped graph. The time to reach maximum 

pressure from ignition varies between 3.76 s and 3.05 s. It is 3.44 s, 3.35 s, and 3.29 s for 1 g, 0.5 

 

Figure 4.12: Total time for backdraft to occur vs. Gravity strength. 
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g, and 0.1 g respectively for set 1. Similarly, these values are 3.76 s, 3.38 s, and 3.29 s for 1 g, 0.5 

g, and 0.1 g respectively for set 2. For set 3, it is 3.49 s, 3.45 s, and 3.35s respectively for 1 g, 0.5  

g, and 0.1 g. The total time for the backdraft to occur decreases with gravity strength. This is shown 

in Figure 4.12. From the graph, we can conclude that the total time varies with gravity strength in 

a non-linear fashion. The total time for the backdraft to occur is 7.1 s, 8.5 s, and 14.34 s for 1 g, 

0.5 g for set 1. For set 2, these times are 7.97 s, 8.83 s, and 14.35 s for 1 g, 0.5 g, and 0.1 g 

respectively. Finally, for set 3, these times are 7.1 s, 9.05 s, and 14.55 s for 1 g, 0.5 g, and 0.1 g 

respectively. 

4.2 STRENGTH OF BACKDRAFT  

The strength of the backdraft is measured again by examining the peak pressure and the 

heat release rates in the computational domain. Note that the pressure sensor location has not 

changed from the standard model. Only the opening geometries are altered in this study. Figure 

4.13 shows the variation of maximum pressure with gravity. The maximum pressure decreases 

 

Figure 4.13: Maximum Pressure vs. Gravity strength plot. 
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Figure 4.14: Pressure vs. Time since ignition plot, set 1. 

 

 

Figure 4.15: Pressure vs. Time since ignition plot, set 2. 
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Figure 4.16: Pressure vs. Time since ignition plot, set 3. 

with gravity almost linearly. Maximum pressure is felt at normal gravity conditions with values 

17.05 Pa, 21.05 Pa, and 17.72N Pa respectively for Sets 1, 2, and 3. Figures 4.14 to 4.16 show the 

variation of pressure with time since ignition for three sets under three gravity conditions viz. 1 g, 

0.5 g, and 0.1 g. The graphs are consistent with each other except for set 2, which is slightly 

different than the other two. This difference is also evident in other plots.  

We can see a two-peak situation in the pressure plots prominently under normal gravity 

conditions. The first peak is very weak compared to the second one which occurs when the 

backdraft passes through the exit. In the case of set 1, the first peak occurs at 2.7 s after ignition. 

For set 3, the first peak occurs at 2.75 s after ignition. However, for set 2, this time is 2.95 s. The 

peak pressure occurs at 3.44 s, 3.76 s, and 3.49 s after ignition for sets 1, 2, and 3 respectively. The 

difference in time between the two peaks is 0.74 s for sets 1 and 3. It is 0.81 s for set 2. Note that 

the peak pressures occur at almost the same time for sets 1 and 2 for the three gravity strengths. 

However, for set 2, the peak of 0.5 g occurs 0.39 s earlier than the peak of 1 g gravity strength.  
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Figures 4.17 and 4.18 show the variation of compartment and total heat release rates with 

time for under 1 g, 0.5 g, and 0.1 g for all the sets. Figures 4.19 and 4.20 show the variation of 

maximum compartment heat release and total heat release with respect to various gravity strengths 

for all the sets. It can be seen that both compartment and total heat release peak around the same 

time i.e. around 3.5 s after ignition the only outlier being 1 g of set 2. You can also observe a minor 

first peak, but this is not very evident in the compartment heat release curves. There is only a single 

peak in total heat release curves.  

The maximum compartment heat release curve almost linearly decreases with gravity 

strength. However, the maximum total heat release does not show such a tendency. It is almost 

constant around a range of values. The maximum compartment heat release values under 1 g are 

669.47 kW,714.88 kW, and 685.39 kW for sets 1, 2, and 3 respectively. At 0.5 g, they are 516.43 

kW, 572.29 kW, and 516.14 kW respectively for sets 1, 2, and 3. For 0.1 g, they are 385.31 kW, 

378.61 kW, and 374.96 kW respectively for sets 1, 2, and 3. It can be inferred that the contribution 

 

Figure 4.17: Compartment heat release rate vs. Time since ignition plot. 



   

62 

 

 

Figure 4.18: Total heat release rate vs. Time since ignition plot. 

 

 

Figure 4.19: Maximum compartment heat release rate vs. Time since ignition plot. 

 


