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ABSTRACT 

During the last decades, well-confined enclosures have emerged all over the world. Well-confined 
enclosures have a high air tightness and are well-insulated in most cases. If a fire occurs in well-
confined enclosures, temperatures and pressures will be higher when compared to normal enclosures. 
The latter is caused by its high insulation and air tightness, keeping mass and energy inside [1-3]. Fire-
induced pressures are able to obstruct the opening of evacuation doors. 
 
The subject of this master’s dissertation is the development, verification and validation of an in-house 
code, written in the programming language FORTRAN, for a well-confined enclosure fire (e.g., in 
passive houses) using the well-stirred reactor approach (i.e., one zone modelling). The main inputs of 
the code are the geometry of the room, the fire HRR curve, the thermal boundary conditions, the 
ventilation conditions (i.e. mechanical ventilation) and the level of leakage in the room . The main output 
is the time-history of the pressure, temperature, HRRActual, oxygen content, density, leakage flow rates 
and ventilation flow rates profiles.  
 
The equations in the code are based upon the conservation of mass, oxygen and energy. Four sub-
models are used in order to calculate the heat release rate, leakage flow rates, mechanical flow rates 
and the heat loses towards the boundaries.  
 
The verification indicates that all phenomena and physics are correctly implemented. The validation is 
conducted by comparing the results of two experiments with the results obtained by the code. It’s 
concluded that the code does give results representing reality. 
 
To conclude, the code can be used as an instrument to assess a large amount of scenarios in a small 
amount of time, before considering specific scenarios which might need further investigations using an 
advanced CFD, Computation Fluid Dynamics,  software. 
 
Keywords: Fire-induced pressures, Well-stirred reactor model, well-confined enclosures 
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EXTENDED ABSTRACT  

AbstractThis master’s dissertation is dedicated to 
the development, verification and validation of an in-
house code for the prediction of pressure levels in a 
well-confined enclosure fire. 
Keywords Fire-induced pressures, one-zone model, 

well-confined enclosures 
 

I. INTRODUCTION 
During the last decades, well-confined enclosures 

have emerged all over the world. The latter 
enclosures have a high air tightness and are well-
insulated in most cases. If a fire occurs in a well-
confined enclosure temperatures and pressures will 
be higher when compared to normal enclosures. The 
latter is caused by its high air-tightness and 
insulation, keeping mass and energy inside [1-3]. 
Fire-induced pressures are able to obstruct the 
opening of evacuation doors. 

 
The subject of this master’s dissertation is the 

development, verification and validation of an in-
house code written in the programming language 
FORTRAN, for a well-confined enclosure fire (e.g., 
in passive houses) using the well-stirred reactor 
approach (i.e., one zone modelling). The main inputs 
of the code are the geometry of the room, the fire 
HRR curve, the thermal boundary conditions, the 
ventilation conditions (i.e. mechanical ventilation) 
and the level of leakage in the room. The main 
output is the time-history of the pressure, 
temperature, HRRActual, oxygen content, density, 
leakage flow rates and ventilation flow rates. 

 
The code can be used as a tool to assess a large 

amount of scenarios in a small amount of time, 
before considering specific scenarios which might 
need further investigations using an advanced CFD, 
Computational Fluid Dynamics, software. 

II. LITERATURE STUDY 
The goal of the literature study is to look at the 

problem from every angle in order to understand the 
subject and its elements completely.  

The forces caused by fire-induced pressure are 
elaborated and compared with forces manageable by 
humans. Furthermore, experiments and papers are 
discussed. The latter don’t only provide an insight in 
the influencing factors which should be assessed in 
order to produce an accurate code, they provide two 
experiments which are used to validate the code. 

The blower-door test is assessed, this is an ISO-
regulated test [4] used to quantify the air-tightness 
of a house.  

III. CONSERVATION EQUATIONS 
The conservation equations deduced from 

literature are listed hereunder without going into 
detail how they are implemented in the code. 

The conservation of mass:  𝑉 = �̇� + �̇� − �̇� − �̇�        ( I ) 
The conservation of oxygen:  

 𝑉 ( ) = �̇� 𝑌 , − �̇� 𝑌 ,      

                −�̇� 𝑌 , − ̇
                 ( II ) 

The conservation of energy, in function of 
pressure:  = 𝑐 �̇� 𝑇 − 𝑐 �̇� 𝑇 −𝑐 �̇� 𝑇
  +�̇� − �̇�                  ( III ) 

The conservation of energy, in function of 
temperature:  

 (𝑚𝐶 𝑇) = 𝑐 �̇� 𝑇 − 𝑐 �̇� 𝑇 −𝑐 �̇� 𝑇  
                          +�̇� − �̇�        ( IV ) 
Furthermore, four sub-models are used in order to 

calculate: 
The actual heat release rate (HRRActual): 𝐻𝑅𝑅 = 𝑃&𝐵𝑓𝑎𝑐𝑡𝑜𝑟 ∗ 

          𝑀𝑖𝑛 𝐻𝑅𝑅 , 𝛼𝑡 , 𝑀𝑎𝑥(0, [  ] ∗ )  ( V ) 

Where the P&B factor is described by Peatross 
and Beyler, it corrects the HRR due to depleted 
oxygen levels.  

The leakage flow rate: 

            �̇�| | = 𝑠𝑖𝑔𝑛(𝛥𝑃)𝐶 𝐴 | | .
  ( VI ) 

The mechanical ventilation flow rate: �̇� = �̇� , 𝑠𝑖𝑔𝑛 𝛥𝑃 , − 𝛥𝑃 ,,    �̇� = �̇� , 𝑠𝑖𝑔𝑛 𝛥𝑃 , − 𝛥𝑃 ,,    

  ( VII )  
The heat transfer to the boundaries: �̇� = (ℎ + ℎ ) 𝐴 (𝑇 − 𝑇 ) ( VIII ) 
With hk, the effective heat transfer coefficient 

equal to: 
                     ℎ = ( , ) /                    ( IX ) 
Where the boundaries are assumed to be thermally 

thick. 

IV. BUILDING THE CODE 
The code starts by declaring and allocating the 

variables from which several constants are to be 
configured by the user. The latter is followed by the 
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calculation procedure where the abovementioned 
conservation equations are implemented together 
with the four sub-models. The code in FORTRAN is 
given in appendix A. 

The calculation procedure is performed for each 
time step. The four sub-models are elaborated at 
first, followed by the sequence of conservation 
equations. Several if-conditions are needed in order 
to be able to take into account the right values for 
density, temperature and oxygen since they are 
dependent whether the flow is going inwards or 
outwards. 

V. VERIFICATION OF THE CODE 
The verification of the code is used to assess 

whether the physics are correctly implemented or 
not. The verification starts by assessing the most 
simple setup (i.e., elementary configuration) after 
which other features are assessed per configuration.  

 
Elementary configuration— The case is built 

without taking into account the P&B factor, heat 
transfer to the boundaries, leakage and mechanical 
ventilation.  

The values of the HRR are manually checked and 
the total energy produced by the fire is compared 
with the energy produced by the consumption of 
oxygen. The latter two energies are equal when one 
takes into account the mass added to the enclosure 
due to the combustion of the fuel. The values for the 
density, temperature and pressure are manually 
affirmed.  

The elementary configuration is further studied by 
varying the maximum HRR, the fire growth rate and 
the volume of the enclosure plus the influence of the 
previous are studied and clarified. The main 
observation is, the higher the HRR, the stronger the 
pressure rise. Yet, oxygen is consumed faster and 
when the initial amount of oxygen is equal, the end 
pressure and temperature are equal when no leakage, 
mechanical ventilation and heat transfer to the 
boundaries are considered. 

 
Heat transfer to the boundaries— The case is 

built while taking into account heat transfer to the 
boundaries and without the P&B factor, leakage and 
mechanical ventilation.  

The boundary is confirmed to be thermally thick, 
justifying the use of the formula of hc, the effective 
heat transfer coefficient, as represented in equation 
IX.  

The effective heat transfer coefficient, heat 
transfer rate, temperature and pressure are manually 
calculated and do agree with the values obtained by 
the code. Furthermore, the influence of varying the 
HRR is studied. When a higher HRR is present, 
temperatures will be higher, leading to a higher heat 
transfer towards the boundaries. 

 
Leakage— The case is built while taking into 

account leakage and without heat transfer to the 
boundaries, the P&B factor and mechanical 
ventilation. 

The flow rates and temperatures are manually 
checked. The HRR’s are significantly shorter since 
a lot of oxygen is extracted towards the exterior due 
to the relative overpressure. Furthermore, the 
influence of varying the time step size is assessed. 
When a larger time step is used, more numerical 
oscillations will occur since the flow rate is 
calculated based on the variables at the start of the 
time step and are used for that whole time step, 
leading to too much addition or removal of gasses. 

 
Mechanical ventilation: In and Out— The case 

is built while taking into account mechanical 
ventilation  and without heat transfer to the 
boundaries, leakage and the P&B factor. 

The HRR’s are significantly shorter since a lot of 
oxygen is extracted towards the exterior due to the 
relative overpressure. The difference between 
mechanical ventilation directed in and out is also 
investigated. The flow rates and temperatures are 
manually checked.  

Furthermore, the influence of varying the time 
step size is assessed. When a larger time step is used, 
more numerical oscillations will occur since the 
flow rate is calculated based on the variables at the 
beginning of the time step and are used for that 
whole time step, leading to too much addition of 
removal of gasses. A combination of mechanical 
ventilation directed inwards or outwards is also 
investigated. 

 
P&B factor— The case is built while taking into 

account the P&B factor and without heat transfer to 
the boundaries, leakage and mechanical ventilation. 

The value of the P&B factor is manually verified. 
As expected, the P&B factor does lead to 
remarkably lower values of HRR and thus pressure 
and temperature. 

 
Conclusion verification— It’s concluded that all 

the relevant physics are correctly implemented. 
Furthermore, the calculation times ranged from 1 up 
to 10 s, which coincides with the order needed to use 
the tool to assess a large amount of scenarios in a 
small amount of time. 

VI. VALIDATION OF THE CODE 
The validation of the code is performed by 

comparing two experiments with results obtained by 
the code. At first, the experimental setup is assessed 
followed by the code setup and the comparison of 
the results. 
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Fire experiment in a 1970’s apartment— 
Janardhan and Hostikka [1, 2] performed a series of 
experiments in order to study fire-induced pressures 
within a compartment.  

The enclosure has a surface area of 58.6 m², which 
is divided into five rooms, with a surface boundary 
area of 165 m². The thermal properties are 
implemented. The same applies for the HRR, which 
is modelled as during the experiment (the P&B 
factor is thus equal to 1). A combustion efficiency of 
95% is used. The leakage towards the exterior is 
based on the equation VI  with the addition of: 

 𝐴 = 𝐴 ,   .    ( X ) 

The exponent n, equal to 0.7, makes it possible to 
let cracks and gaps grow due to pressure rise. The 
comparison is represented in Figure I.  

The peaks do coincide, yet the shapes of the 
curves differ due to the size of the geometry with its 
compartmentation and the location of the pressure 
probe during the experiment. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Furthermore, the oxygen content is assessed. The 

result of the experiment descends more slowly since 
the oxygen is relatively confined within the fire 
room in the apartment in contrary to the code where 
the whole geometry is considered as one zone. 
Therefore, it will not be possible to simulate the fire 
while taking into account the P&B factor. 

 
Fire experiment in a passive house 

compartment— Beji et al. [3] performed 
experiments in order to study fire-induced pressures 
within a 40 foot sea container. 

The enclosure has a surface area of 29.28 m², 
which is divided into two rooms, with a void under 
a door connecting the two. The thermal properties 
are implemented. The same applies for the HRR, 

which is modelled as during the experiment (the 
P&B factor is thus equal to 1).  

The influence of varying the n-exponent, the 
combustion efficiency, thermal boundary 
conditions, and leakage surface area are assessed. 

 
Eventually, a combustion efficiency of 90 % is 

used. The parameter n, as in equation X, is set at 0.7.  
The main question was whether the void under the 
door should be considered as a leakage area or 
connection between the rooms. After studying the 
problem, it was concluded that the void should be 
seen as a connection between the two rooms. The 
comparison is represented in Figure  II. The peaks 
do coincide, the shapes vary slightly due to the 
rounding adjustments during the implementation of 
the HRR and the pressure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusion validation— It’s concluded that the 

results of the code match with the experiments. 
Shapes of the curves differ due to the use of the one 
zone model. The code can thus be used to assess a 
large amount of scenarios in a small amount of time 
leading to a representing range of scenarios.  

VII. CONCLUSION 
An in-house code, written in the programming 

language FORTRAN, for a well-confined enclosure 
fire using a one-zone model is developed. Literature 
and papers are studied in order to enumerate the 
conservation equations and eventually built the 
code.  

A verification and validation of the code have 
proved that it can be used as an instrument to assess 
a large amount of scenarios in a small amount of 
time, before considering specific scenarios which 
might need further investigations using an advanced 
CFD, Computational Fluid Dynamics, software. 

Figure I: Fire experiment in a 1970’s apartment: Summary 

Figure  II: Fire experiment in a passive house compartment: 
Summary 
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1 INTRODUCTION 

1.1 Problem description 
During the last decades, well-confined enclosures have emerged all over the world. Unmistakable 
examples of these are insulated houses, such as passive houses, or sealed rooms such as in nuclear 
facilities in order to restrict the spread of toxins. Well-confined enclosures thus don’t only have a high 
air tightness, they are also well-insulated in most cases. 
 

If a fire occurs in a well-confined enclosure temperatures and pressures will be higher when compared 
to normal enclosures. The latter is caused by high air tightness and insulation, keeping mass and energy 
inside [1-3].  
 
In a real fire, which happened in Germany, the fire-induced pressures reached a level that prevented 
occupants to open an evacuation door. In an experimental campaign carried out in Finland pressures 
up to 1650 Pa have been reported. Pressures between 100 Pa and 200 Pa are already sufficiently large 
to prevent a door from opening, obstructing the evacuation [1, 2]. 
 
In Belgium, a project initiated by Karel Lambert (Fire Fighter in Brussels) and supported by the KCCE 
centrum, Ghent University and the University of Mons, examines the problem using a newly built 
experimental facility in the region of Mons [3]. Pressures of about 3000 Pa have been recorded in the 
first series of tests carried out so far.  
 
 

1.2 Goal 
The objective of the master’s dissertation is to develop, verify and validate an in-house code, written in 
the programming language FORTRAN, for a well-confined enclosure fire (e.g., in passive houses) using 
the well-stirred reactor approach (i.e., one zone modelling). The main inputs of the code will be the 
geometry of the room, the fire HRR curve, the thermal boundary conditions, the ventilation conditions 
(i.e., mechanical ventilation) and the level of leakage in the room . The main output will be the time-
history of the pressure, temperature, HRRActual (the achieved HRR based on the oxygen content 
available), leakage and ventilation flow rates profiles.  
 
 

1.3 Applications 
The field of application of the code is important since it determines the parameters that need to be 
considered. A (well)-confined enclosure is, for this application, interpreted as, but not limited to, a room 
in a nuclear power plant, a fire in a well-insulated (passive) house. The code can be used as an 
instrument to assess a large amount of scenarios in a small amount of time, before considering specific 
scenarios which might need further investigations using an advanced CFD, Computation Fluid 
Dynamics,  software. 
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1.4 Research plan 
The introduction, from which this paragraph is part, discusses 
the problem description, goal and applications of this master’s 
dissertation. A schematic representation of the research plan 
in given in Figure 1. 
  
The goal of the second chapter, literature study, is to look at 
the problem from every angle in order to understand the 
subject and its elements completely [1-8]. Experiments and 
papers are discussed, the latter provide an insight in the 
influencing factors which should be assessed in order to 
produce an accurate code. Furthermore, the blower-door test 
is investigated, this is an ISO regulated test [4] which 
quantifies the air tightness of a house. It’s thus a way of 
describing how well-confined an enclosure is.  
 
The conservation equations, deduced from the literature 
study, are set in the third chapter. These equations are 
prescribed and clarified in order to numerically model them in 
the following chapter.  
 
The build-up of the code is discussed in the fourth chapter. At 
first, the flowchart of the code is discussed after which the 
coding, in the program language FORTRAN, is briefly 
discussed. 
 
The fifth chapter is devoted to the verification of the code. 
More specifically, physics and phenomena are studied in 
order to determine whether each feature of the code is 
correctly implemented in the algorithm. 
 
The validation of the code is performed in the chapter 6. 
Experiments, found in literature [1-3], are modelled in the code 
and compared. 
 
 
 
   

Figure 1: Research plan 
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2 LITERATURE STUDY 

The forces caused by fire induced pressures are elaborated in the first section after which experiments 
and papers found in literature are discussed. Studies are investigated, setups and results are mentioned 
which can be used to validate the code in chapter 6. The goal of this chapter is to look at the problem 
from every angle in order to understand the subject and its elements completely. 
 
 

2.1 Forces related to pressure 
The fire growth and building type, based on air tightness have an influence on the pressure peaks which 
occur during fires. Hostikka et al. reported their influence as represented in Table 1 [1]. 
 
 
 
 
 
 
 
 
The pressures cause forces on doors. Those forces aren’t directly a problem when the door opens 
towards the exterior, thus in the same direction of the forces. Yet, when a door opens towards to interior, 
the user needs to pull against the force caused by the fire-induced pressure. 
In order to outline the magnitude of these pressures, a sketch is made from which a momentum 
equation is deduced while ignoring friction. The sketch is represented in Figure 2. 
 
 
 
 
 
 
 
 
 
 The momentum equation can be deduced: 𝐹 𝑑 = 𝐹  𝑑  + 𝐴 𝛥𝑃 𝑊 2  ⇒ 𝐹 = 𝐹   + 𝐴 𝛥𝑃       ( 1 ) 

Where 𝐹  is the force exerted by the person on the door knob, 𝐹   is the force exerted by the 
door closer, 𝑑   the distance from the side of the door (the side where the door hinges are 
attached) to door closer, W the width of the door, 𝑑  the distance from the door knob to the side of 
the door where the door hinges are attached, Adoor the surface area of the door and 𝛥𝑃 the pressure 
difference between the enclosure and the exterior. 
 
Table 2 contains an elaborated combination of dimensions, pressures, areas and forces. 
  
 

Table 1: Pressure peaks depending on the fire growth rate and building type. Copied from [1]. 

Figure 2: Sketch of the forces on a door 
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[1, 2] stated that pressures starting from 100 – 200 Pa could hinder evacuation, those pressures thus 
require a pulling force of 8.4 – 16.9 kg in order to open the door. Those forces are lower than expected 
due to the leverage created by the distance between the door knob and the hinges. 
 
 Edgren et al. measured the grip force of different persons for varying handle diameters [4] as reported 
in Table 3. It’s clear that males have a significantly higher force yet not enough to overcome the forces 
within the expected fire-induced pressure ranges.  
 Furthermore, elderly and children are not assessed, it’s obvious that these will have significantly lower 
grip forces. The latter does confirm that pressures ranging between 100 and 200 Pa are already 
sufficiently high to hinder evacuation. 
 
 
 
 
 
 
 
 
 
 
 

2.2 Blower-door test 
Getting air in and out in a controlled way is not only important for energy efficiency but also in 
contaminated rooms as in nuclear facilities. The law requires modern buildings to have a certain 
insulation factor, this factor is, among others, dependent of the air-tightness of the building. The blower-
door test is a method to quantify  the air-tightness of a building. The test is regulated by ISO 9972:2015 
[4]. 
 
The operation procedure consists of placing a fan in the door and closing all other windows and doors 
leading towards the exterior. The fan is turned on so that flow is created inwards or outwards until the 
enclosure reaches an overpressure, respectively, underpressure of 10 up to 100 Pa. Subsequently, the  

Table 2: Elaborated relation between door dimensions, pressure and force with Fdoor closer equal to zero and 
dknob= width – 0.05 m  

Table 3: Grip force in function of age and gender. Copied from [5]. 



 

TITLE 
Development, Verification and Validation of an In-house code for 
the Prediction of Pressure Levels in a Well-Confined Enclosure 
Fire 

        DATE  

       24/05/2019 
PAGE 

5/80 

airflow needed to be created by the fan is measured, followed by the deduction of the area through 
which air is released towards the exterior, putting a numerical value on the air-tightness of the building. 
To improve the accuracy of the estimated air-tightness, the test should be repeated at different pressure 
levels. 
 
 

2.3 Fire experiments in a 1970’s apartment 
Janardhan and Hostikka et al. [1, 2] experimented in a 1970’s apartment building with different vent 
setups in order to assess fire-induced pressures. More specifically, the aim was to examine the 
influence of fire-induced pressures on the structure and evacuation in residential buildings. 
 
The apartment floor area was 58.6 m² with a ceiling height of 2.57 m. A blower door test was used to 
determine the air-tightness of the apartment. The determined air permeability q50 was 1.7 m3h-1m-2 at 
underpressure and 2.7 m3h-1m-2 at overpressure. Thirteen experiments were performed with three 
different configurations of two exhaust ducts: Open (tests 1-4), normal (tests 5-7, 11-13) and closed 
tests 8-10) as represented in Figure 3. Two types of fuel were used. In the first tests, 3.0 L of n-Heptane 
(tests 1-10) was burned in a 0.7 m x 0.7 m steel pan with a free height of 21 cm, also polyurethane 
foam (PUF) mattress were used (tests 11-13). The fires were supressed due to fuel burnout in about 
180 s (heptane) and 100 s (PUF). 
 
 
 
 
 
 
 
 

Overpressures were recorded varying from 100 Pa to 1650 Pa, which were measured in less than 50 
seconds from the ignition. Both ventilation configuration and fuel type were having a large influence on 
the pressure magnitude which can be noticed in Figure 4.  
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Apartment ventilation configuration, from left to right: open, normal and closed configuration. Copied from  [2] 

Figure 4: Pressure in heptane pool fires (left) and PU foam fires (right). Copied from [2] 
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During the overpressure peak, a fireman could not open the inner door from the inside of the apartment. 
Structural damage of a light wall and window was created in a pressure range of 1400-1650 Pa, being 
consistent with the maximum pressure requirement for windows in Sweden (1500 Pa). 
 
A male, age 24-30, should be able to exert a force of 28.0 kg on the door handle [5]. Considering a door 
with dimensions 211 cm x 73 cm, it’s possible for the male to overcome a pressure of 332 Pa. This 
implies that the male can evacuate, for test 5-7, between 0 and 6 s and after 60 s as represented in 
Figure 5. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4 Fire experiment in a passive house compartment 
In Belgium, a project supported by the KCCE centrum, Ghent University and the University of Mons, 
examines fire-induced pressures using a newly built experimental facility in the region of Mons. The 
enclosure consists of two rooms which, combined, have the same inner dimensions as a 40 foot sea 
container. The total floor area was 29.28 m² with a ceiling height of 2.4 m. A blower door test was used 
to determine the air tightness of the whole enclosure where the total leakage area was 0.0026 m² [3]. 
 
The rooms are connected with a door which has been closed during the experiment. Nevertheless, 
under the door, there was a void. Other ventilation systems were sealed off. The fire source was 
overlapping wooden slaps from which the peak heat release rate was about 280 kW and the burning 
time about 1000 s.  
 
Furthermore, a numerical simulation in FDS, Fire Dynamics Simulator, has been performed. The 
pressure peak value of the numerical simulation was about 2100 Pa in contrary to the 870 Pa during 
the experiment as represented in Figure 6.  A parameter n was implemented which takes into account 
the growth of cracks and gaps due to pressure rise. The latter thus leads to larger leakage area’s when 
pressure rises according to: 𝐴 = 𝐴 ,   .          ( 2 ) 

The implementation of the n-exponent leads to an approach of the experimentally determined values 
as represented in Figure 6. 

Figure 5: Pressure in heptane pool fires where the red line represents the pressure of 332 Pa, which coincides with 
the maximum force of a male age 24-30. Copied from [2] 
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2.5 Assessment of the burning rate in confined compartments 
Beji et al. [6] assessed the burning rate of liquid fuels in confined and mechanically-ventilated 
compartments using a well-stirred reactor approach.  The burning rate in an enclosure depends mainly 
on: 

 Fuel area, 
 Properties of the fuel, 
 Availability of the oxygen, and 
 Heat flux received from the walls, smoke, flames at the fuel surface. 

By having a higher energy flux at  the fuel surface, more pyrolysis and vaporization will occur resulting 
in a higher HRR which is confirmed by M.L. Bullen et al. [7] and H. Takeda et al.[8]. Bullen et al. even 
measured that the radiative enhancement of the burning rate was up to six times the open burning rate. 
Yet, these factors are highly case dependent and need extensive input parameters when modelled. 
The HRR nevertheless depends on the availability of oxygen in the enclosure which, on its turn, 
depends on the rate of air supplied by the mechanical ventilation and the leakage. 
 
The goal was to create a code, based on the three conservation equations of mass, oxygen and energy 
and four sub-models (i.e. ventilation flow rates, fuel response model, burning rate and heat losses to 
walls) which can be used as a support tool to assess the burning rate of a pool fire. 
The validation of the code is based on experimental data. It showed that a reliable support tool has 
been developed which should be used prior to more detailed and time consuming CFD calculations. 
 
The code developed in this work is mainly based on the algorithm described in [6]. The added value 
lies in the implementation the leakage sub-model along with a comprehensive verification and validation 
study. 
 
 
 
   

Figure 6: Pressure variation as function of time with Δp_ref=50 Pa. The lines correspond to different values of pressure 
leakage exponent n. Copied from [3] 
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3 CONSERVATION EQUATIONS 

The conservation equations used in the code are discussed in this chapter. Furthermore the needed 
sub-models are discussed (i.e., Heat release rate, ventilation flow rates, leakage flow rates and heat 
losses to boundaries). The main goal of this chapter is to theoretically enumerate the correlations which 
apply to the subject without going into detail how they are implemented in the code. 
 
 

3.1 Conservation of mass 
The conservation equation for mass is expressed as [6]: 𝑉 = �̇� + �̇� − �̇� − �̇�         ( 3 ) 
Where V is the volume of the enclosure, 𝜌 is the gas density, t is time, �̇�  the fuel mass flow rate, �̇�  
the mass flow rate of the mechanical ventilation directed inwards, �̇�  the mass flow rate of the 
mechanical ventilation directed outwards and �̇�  the flow rate of the leakage (can be either positive or 
negative). 
 
 

3.2 Transport equation of oxygen 
The transport equation for oxygen is expressed as [6]: 𝑉 ( ) = �̇� 𝑌 , − �̇� 𝑌 , − �̇� 𝑌 , − ̇

      ( 4 ) 

Where 𝑌 is the oxygen mass fraction within the room, 𝑌 ,  the oxygen mass fraction belonging to the 
mechanical ventilation directed inwards, 𝑌 ,  the oxygen mass fraction belonging to the mechanical 
ventilation directed outwards and 𝑌 ,  the oxygen mass fraction belonging to the leakage. 𝛥𝐻  is the 
heat of combustion per unit mass of oxygen consumed and �̇�  the heat release rate of the fire.  
 
 

3.3 Conservation of energy 
The conservation equation for energy in function of pressure is expressed as [6]: = 𝑐 �̇� 𝑇 − 𝑐 �̇� 𝑇 −𝑐 �̇� 𝑇 + �̇� − �̇�       ( 5 ) 

Or could also be expressed, in function of temperature, as [6]: (𝑚𝐶 𝑇) = 𝑐 �̇� 𝑇 − 𝑐 �̇� 𝑇 −𝑐 �̇� 𝑇 + �̇� − �̇�      ( 6 ) 
Where 𝛾 is the isentropic coefficient of the gas, P the relative pressure inside the room, 𝑐  the specific 
heat of the gas at constant pressure, 𝑇  the temperature of the gasses belonging to the mechanical 
ventilation directed inwards, 𝑇  the temperature the gasses belonging to the mechanical ventilation 
directed outwards,  𝑇   the temperature of the gasses belonging to the leakage, �̇�  is the heat loss to 
the boundaries and m the total mass in the control volume.  
 
Note that the conventional way of determining the relation between the temperature and pressure is 
by using the ideal gas law. The difference between the method used in this study and the ideal gas 
law could be an interesting aspect to further investigate. 
 
 

3.4 Heat release rate 
The heat release rate is mainly dependent from the following parameters: 
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 Maximum HRR [kW], 
 Fire growth rate α [kW/s²], 
 Heat of combustion of the specific fuel [kJ/kg], 
 Mass loss rate of the fuel [kg/s], and, 
 Availability of oxygen [kgOxygen / kgAir]. 

The fire growth rate is highly dependent of the radiative feedback, especially in enclosures. Being aware 
that the user will have to input the maximum HRR and fire growth factor, the radiative feedback doesn’t 
need to be further assessed. Nevertheless, the user should keep in mind that the fire growth factor 
could be larger when compared with open configuration fires. 
 When the available oxygen level is too low, the HRRActual will be reduced. The HRRActual is thus equal 
to the following value: 𝐻𝑅𝑅 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝐻𝑅𝑅 , 𝑎𝑡 , 𝑀𝑎𝑥𝑖𝑚𝑢𝑚(0, , ∗ ∗ )   ( 7 ) 

Where the factor , ∗ ∗
 determines whether the HRR is achievable considering the 

amount of oxygen available in the room.  
 
Another parameter which needs to be assessed is the influence of the oxygen content on the burning 
rate. The following equation expresses the reduction factor of the HRR due to the influence of depleted 
levels of oxygen (i.e., linear decrease), described in  [6, 9] by Peatross and Beyler: P&B 𝑓𝑎𝑐𝑡𝑜𝑟 = 2.1 , − 1.1        ( 8 ) 

With 1.1, 11 vol % being the volumetric oxygen content at which flaming is not sustained (i.e., extinction 
occurs). The P&B factor is thus equal to 1 when the oxygen content is equal to the ambient oxygen 
content and the factor is equal to 0 when the oxygen content is equal to the minimal oxygen level for 
combustion. The P&B factor has linear behaviour between 0 and 1 leading to the factor in function of 
mass content ( also represented in Figure 7) : 
 P&B 𝑓𝑎𝑐𝑡𝑜𝑟 = , ,  , − ,, = ,, ,    ( 9 )  

 
The P&B factor will be assessed in paragraph 5.5. It won’t be interpreted before that paragraph in order 
to ease the implementation of the other features. 

Figure 7: The P&B factor due to oxygen content with a minimal level of oxygen for combustion of 12 mass % and an 
ambient level of oxygen of 23 mass % 
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Figure 8: Mechanical ventilation fan curves. The ventilation is directed inwards in the left graph, outwards in the 
right graph. Copied from [10] 

 
 

3.5 Leakage 
To numerically model the flow �̇�| | caused by the pressure difference and thus leakage, the following 
equation is used: �̇�| | = 𝑠𝑖𝑔𝑛(𝛥𝑃)𝐶 𝐴 | | .

                    ( 10 ) 

With 𝑠𝑖𝑔𝑛(𝛥𝑃) the sign of the pressure difference in order to determine whether the flow is going in or 
out, �̇�| | is the flow rate obtained from the blower-door test at |𝛥𝑃|, Cd is the discharge coefficient which 
is assumed to be 0.6 but depends on the form of the openings and 𝜌 is the density. By filling in the 
formula after performing the blower-door test as prescribed in 2.2, 𝐴  can be obtained. 
 
 

3.6 Mechanical ventilation 
To numerically model the mechanical ventilation �̇�  and �̇� , following quadratic curves, the following 
equations are used: �̇� = �̇� , 𝑠𝑖𝑔𝑛 𝛥𝑃 , − 𝛥𝑃 ,,        ( 11 )  �̇� = �̇� , 𝑠𝑖𝑔𝑛 𝛥𝑃 , − 𝛥𝑃 ,,       ( 12 ) 

Where 𝛥𝑃 is the pressure between the enclosure and the exterior. �̇� ,  and �̇� ,  are the volume flow 
rates when no pressure difference is present. The latter could occur at initial (i.e., ambient) conditions. 𝛥𝑃 ,  and 𝛥𝑃 ,  are the stall pressures of the fans, this is the pressure at which the fans don’t 
possess the power to overcome the pressure difference leading to a flow rate of zero or even flow 
inversion. The latter phenomenon is presented in Figure 8 [10]. 

 
 
The left graph of Figure 8 represents a mechanical ventilation which is directed inwards. At 0 Pa relative 
pressure (in this case equal to 0 Pa static pressure), the ventilation causes a volume flow rate of 0.75 
m³/s going in (inlet in the figure). When the relative pressure rises (i.e., due to fire), the mechanical 
ventilation encounters more resistance, leading to less volume flow rate up until the relative 
overpressure reaches 1000 Pa, which is the stall pressure. From that point, the flow inverts and thus 
the flow goes from that point outwards (outlet in the figure). 
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3.7 Heat losses to the boundaries 
Heat is deduced away from the enclosure through the walls, floors and ceilings. The heat transfer takes 
place through convection and conduction. Convection at the walls, floors and ceilings can be modelled 
according to: �̇�" = ℎ 𝛥𝑇          ( 13 ) 
With �̇�"  the heat transfer per unit area, 𝛥𝑇 is the difference in temperature and hc the convective heat 
transfer coefficient [W/(m²*K)], which depends on whether the flow is laminar or turbulent, the 
configuration (horizontal or vertical) and the flow regime. The convective heat coefficient hc is set at 
0.010 kW/(m²*K) in this study. 
 
The heat transfer first consists of convection, the mechanism of transporting heat from the gases 
towards the solid walls, floors and ceilings. Once that heat is transferred in the solid, it’s conducted 
away from the enclosure. This implies that the heat losses towards the boundaries can be expressed 
as a series of convection and conduction losses, leading to: �̇� = (ℎ + ℎ ) 𝐴 (𝑇 − 𝑇 )        ( 14 ) 
In the applications of the study, it seems reasonable to assume that the boundaries are thermally thick. 
A boundary is thermally thick when: 𝐵𝑖 = ∗ > 0.1          ( 15 ) 

 When thermally thick, the conductive heat transfer coefficient is:  ℎ = ( , ) /          ( 16 ) 
With 𝜌  the density of the walls, floors and ceilings and 𝑐 ,  the specific heat capacity of walls, floors 
and ceilings. 
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4 BUILDING THE CODE 

The first section of this chapter is dedicated to the flowchart of the code, on one hand the flowchart is 
given, on the other hand, the mode of operation is discussed. The latter is followed by discretisation of 
the equations, which is described in the second section. The full code is given in Appendix A. 
 
 

4.1 Flowchart of the code 
Several choices had to be made in order to obtain a code which is precise and a program which is able 
to calculate reliable results in a swift manner (i.e., calculation time of several seconds). The flowchart 
of the code is given in Figure 9. 
 
The program starts by declaring the variables, which defines the format (i.e., integer or double precision) 
of the different parameters. The second step consists of the physical input of the constants. These 
constants are the input parameters which should be configured by the user. After the physical input of 
the constants, yet independent of the physical input, the allocation of some variables is performed. The 
latter means that the allocated variables can change in function of time and thus time step.  
 
The next step consists of the calculation itself. For each time step t, a sequence of calculations is 
performed. These calculations assess the four main systems influencing the temperature and pressure 
in the enclosure: 

 The fire with its HRR, 
 The ventilation caused by leakage which can entrain or extract air, 
 The mechanical ventilation which can entrain or extract air, and, 
 The enclosure boundaries, which transfer heat away from the enclosure. 

Having identified the systems, one could determine the sequence of the calculations. Values are 
calculated based upon values of the time step itself, noted as (t). The calculated values belong to the 
current time step (t) or the next time step (t+1). 
 
In the calculation procedure, for each time step t, the following steps are taken:  

1. The first step consists of assessing the feasibility of the HRR. The oxygen available (t) is 
assessed and the HRRActual (t) is adapted to the amount of oxygen available. 

2. The leakage (t) and mechanical ventilation (t) are computed based on the leakage surface 
areas, fan parameters and the pressure difference (t). 

3. The heat transfer (t) towards the boundaries is calculated based on the temperature (t). 
4. The oxygen equation is solved, leading to the oxygen level (t+1) of the next time step. 
5. The mass equation is solved, leading to the density (t+1) of the next time step. 
6. The energy equation in function of the temperature is solved, leading to the temperature (t+1) 

of the next time step. 
7. The energy equation in function of the pressure is solved, leading to the pressure level (t+1) of 

the next time step. 
The calculation procedure lasts until the required number of time steps is performed after which the 
output sequence starts, putting the results in a file. 
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Figure 9: Flowchart of the code 
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4.2 Discretization of the equations 
The discretization of the mass, oxygen, energy in function of temperature and pressure are listed in the 
following sections. These equations are thus solved using an explicit scheme. 
 
4.2.1.1 Mass equation 

The mass equation is solved in order to determine the density of the next time step using the formula:  𝜌(𝑡 + 1) = 𝜌(𝑡) + ( ) − �̇� (𝑡) + �̇� , (𝑡) − �̇� , (𝑡)     ( 17 ) 

 
4.2.1.2 Oxygen equation 

The next step consists of solving the oxygen equation which determines the oxygen level obtained in 
the next time step. The oxygen equation is:  𝑌 (𝑡 + 1) = ( ) ( ) ̇ ( ) , ( ) ̇ , ( ) , ( ) ̇ , ( ) , ( ) ( )

( )   ( 18 ) 

 
4.2.1.3 Energy equation f(T): Temperature 

The energy equation in function of the temperature is solved in order to determine the temperature of 
the next time step using the formula: 

 𝑇(𝑡 + 1) = ( ) ( ) ̇ ( ) ( ) ̇ , ( ) ( ) ̇ , ( ) ( ) ( ) ̇ ( )( )    ( 19 ) 

   
4.2.1.4 Energy equation f(P): Pressure 

The energy equation in function of the pressure is solved in order to determine the pressure of the 
next time step using the formula: 𝑃(𝑡 + 1) = 𝑃(𝑡) + 𝛥𝑡 −𝑐 �̇� (𝑡)𝑇 (𝑡) + 𝑐 �̇� , (𝑡)𝑇 (𝑡) − 𝑐 �̇� , (𝑡)𝑇 (𝑡) + 𝐻𝑅𝑅 (𝑡) − �̇�    ( 20 ) 
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5 VERIFICATION OF THE CODE  

This chapter is dedicated to the verification of the code. More specifically, the physics and phenomena 
are assessed whether they are correctly implemented or not. The cases are thus purely theoretical and 
configured so that the assessment can be easily performed. The first paragraph is dedicated to the 
most simple setup after which other features (i.e., heat transfer to the boundaries, leakage, mechanical 
ventilation and the P&B factor) are added per paragraph, assessing each feature step by step. 
 
 

5.1 Elementary configuration 
This paragraph is dedicated to the first case, which is the most the basic one. The following parameters 
are used: 

 Initial temperature is 293 K, 
 Maximum HRR is 1000 kW, 
 Fire growth rate of 0.15 kW/s², 
 Heat of combustion is 45000 kJ/kg, 
 Minimal oxygen level for combustion is 0.1 kgoxygen/kgair, 
 Ambient oxygen concentration of 0.233 kgoxygen/kgair, 
 𝑃&𝐵 𝑓𝑎𝑐𝑡𝑜𝑟 = 1, 
 No heat transfer towards the boundaries, 
 Leakage surface area of 0 m², 
 No mechanical ventilation, 
 A volume of 50 m³, 
 Simulation time of 200 s , and, 
 A time step of 1 s.  

The base case is discussed in the first section after which one parameter at a time is altered and 
discussed per section. 

 
 

5.1.1 Elementary configuration 

The curve of the HRRActual has the known αt²-from, followed by the section where the fire is fully 
developed to end in the decay phase. The fire stops growing after ± 82 s, this agrees with the implied 
growth rate of 0.15 kW/s² and maximum HRR of 1000 kW: �̇� = 𝛼𝑡 ⇒ 𝑡 = ̇ = . = 81.65 𝑠       ( 21 ) 

This value coincides with the result of the HRRActual curve as represented in Figure 10. 
 
The HRR reaches 0 kW after ± 156 s. The latter implies that the oxygen has been consumed at that 
point, which is confirmed by the oxygen content represented in Figure 11. 
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Figure 10: Results elementary configuration: Actual heat release rate  

 
The oxygen content curve increasingly steepens downwards due to the growing HRR. After 81.65 s, 
the curve becomes linear because the fire is fully developed, consuming oxygen at a constant rate until 
the oxygen content reaches 0.1 kgoxygen/kgair., the concentration at which the fire decays. 
 
Furthermore, the heat of combustion per kg oxygen is 13100 kJ, from this fact, it’s possible to verify 
whether the amount of energy produced by the consumption of the oxygen equals the amount of energy 
produced by the fire (using exact values obtained with the code): 𝐸 = �̇� 𝑑𝑡 = �̇�. 𝑑𝑡 = 𝛼𝑡. 𝑑𝑡 + �̇� ,  .

. 𝑑𝑡 

   = . . + [1000𝑡] . .    = 101581 𝑘𝐽      ( 22 ) 𝐸   = 𝑚 𝛥𝐻 = 𝜌𝑉(𝑌 − 𝑌 , )𝛥𝐻     = 1.2 50𝑚 (0.233 − 0.1) 13100 = 104538 𝑘𝐽    ( 23 ) 

The energy produced by the fire is lower than the amount of energy produced by the consumption of 
the oxygen. This phenomenon is caused by the increase of amount of mass in the enclosure, which is 
induced, on its turn, by the burning of fuel. The increase of the amount of mass leads to a decrease of 
mass percent oxygen, resulting in a lower oxygen content. This phenomenon is further discussed after 
the discussion of the density, which is needed to compute it. 

Figure 11: Results elementary configuration: Oxygen content 
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The result of the density is represented in Figure 12. The density rises due to the burning of the fuel. 
The mass added can be deduced from the total energy added to the enclosure: 𝑚 , = =   / = 2.257355 𝑘𝑔      ( 24 ) 𝜌  = 𝜌  + , = 1.2 + .    ³ = 1.24515 𝑘𝑔/𝑚³    ( 25 ) 

Which coincides with the value, 1.245147 kg/m³, calculated by the code, represented in Figure 12. 

Knowing the density, the phenomenon where the energy produced by the fuel is lower than the amount 
of energy produced by the consumption of the oxygen, is recapitulated. The oxygen content at 0 s is 
0.233 kgoxygen/kgair and the fire decays when the oxygen is lower or equal to 0.1 kgoxygen/kgair. After 
156.01s , the following amount of oxygen is present in the room according to the results from the code: 𝑚 , . = 𝑌 𝜌𝑉 = 0.1 1.24515 ³ 50𝑚 = 6.225 𝑘𝑔     ( 26 ) 

The amount of oxygen present in the enclosure at 0 s: 𝑚 , = 𝑌 𝜌𝑉 = 0.233 1.2 ³ 50𝑚 = 13.98 𝑘𝑔      ( 27 ) 

Leading to the energy production by the consumption of oxygen by the fire: 𝐸   = 𝑚 𝛥𝐻 = 𝑚 , .  − 𝑚 ,  𝛥𝐻     = (13.98 − 6.225)𝑘𝑔 13100 = 101581 𝑘𝐽     ( 28 ) 

This amount is equal to the one produced by the fire and elucidates the phenomenon. 
 
The temperature-curve increasingly steepens due to the growing HRR up until  81.65 s, followed by the 
linear part due to the steady HRR. When the fire has decayed (after 156.01 s) the temperature remains 
constant since no heat is added, nor lost to the boundaries. The theoretical value of temperature can 
also be calculated: 𝑇 .  =    =   .  = 1914 𝐾    ( 29 ) 

This value agrees with the results of the temperature as represented in Figure 13. 
 
 
 
 
 

Figure 12: Results elementary configuration: Density 
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Figure 13: Results elementary configuration: Temperature 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The pressure-curve increasingly steepens due to the growing HRR up until  81.65 s, followed by the 
linear part due to the steady HRR. When the fire has decayed (after 156.01 s) the overpressure remains 
constant since no change in energy occurs. The end value of the simulation can be compared with the 
value calculated with the energy equation: 𝑃(𝑡 + 1) = 𝑃(𝑡) + 𝛾 − 1𝑉 −𝑐 �̇� (𝑡)𝑇 (𝑡) + 𝑐 �̇� , (𝑡)𝑇 (𝑡) − 𝑐 �̇� , (𝑡)𝑇 (𝑡) + 𝐻𝑅𝑅 (𝑡)− �̇� 𝛥𝑡 ⇒ 𝑃(156.01𝑠) = 𝑃(0) + ∫ 𝐻𝑅𝑅 (𝑡) 𝑑𝑡 = 0 + ( . ) ³ 101581 10³𝐽 = 812 648 𝑃𝑎 ( 30 ) 
This value is exactly the same as the one calculated in the simulation since these values are only 
dependent of the varying HRR, which is exactly defined at the end of the simulation. 
 
The result of the pressure is represented in Figure 14. 

 
 
 
 
   

Figure 14: Results elementary configuration: Pressure 
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5.1.2 Elementary configuration: Different HRR 

The influence of a higher maximum HRR is noticeable in the fact that the fire produces more energy in 
a shorter amount of time once the HRR has risen above 1000 kW, implying: 

 A faster descend of the oxygen content, more oxygen is needed to supply the higher HRR, 
 A faster increase of density, fuel is burned faster, increasing the total mass in the enclosure 

faster, 
 A faster increase of temperature since energy is released faster, and, 
 A faster increase of pressure since energy is released faster. 

Once the fire has decayed, all values are equal for both cases. This is because the amount of oxygen, 
and thus total mass and energy, are equal, resulting into the same end conditions. 
 
The influence of doubling the maximum heat release rate is illustrated in Figure 15, Figure 16, Figure 
17, Figure 18 and Figure 19. 

 

 
 
 

Figure 16: Results elementary configuration: Different HRR’s: Oxygen content  

Figure 15: Results elementary configuration: Different HRR’s: Actual heat release rate 
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Figure 19: Results elementary configuration: Different HRR’s: Relative Pressure 

Figure 18: Results elementary configuration: Different HRR’s: Temperature 

Figure 17: Results elementary configuration: Different HRR’s: Density 
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Figure 20: Results elementary configuration: Different fire growth rates: Actual heat release rate 

5.1.3 Elementary configuration: Different fire growth rate 

The influence of a higher fire growth rate is noticeable in the fact that the fire produces more energy in 
a shorter amount of time starting from the beginning, implying: 

 A faster descend of the oxygen content, more oxygen is needed to supply the higher HRR, 
 A faster increase of density, more fuel is burned, increasing the total mass in the enclosure 

faster, 
 A faster increase of temperature since energy is released faster, and, 
 A faster increase of pressure since energy is released faster. 

Once the fire has decayed, all values are equal for both cases. This is because the amount of oxygen, 
and thus mass and energy, are equal, resulting into the same end conditions. 
 
The influence of doubling the fire growth rate is illustrated in Figure 20, Figure 21, Figure 22, Figure 23 
and Figure 24. 
 

 
 

 
 

Figure 21: Results elementary configuration: Different fire growth rates: Oxygen content  
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Figure 24: Results elementary configuration: Different fire growth rates: Relative Pressure 

Figure 23: Results elementary configuration: Different fire growth rates: Temperature 

Figure 22: Results elementary configuration: Different fire growth rates: Density 
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5.1.4 Elementary configuration: Different volume 

The influence of a higher volume is noticeable in the fact that more air and thus oxygen is present, 
implying: 

 A longer lasting fire, more oxygen is available, 
 A slower descend of the oxygen content, more oxygen is available ,  
 A slower increase of density, the same amount of fuel is burned yet a higher volume is present, 
 A slower increase of temperature since energy is released at the same rate yet a higher amount 

of mass is present, and, 
 A slower increase of pressure since energy is released at the same rate yet a higher amount 

of mass is present. 
Once the fire has decayed, all values are equal for both cases. This is because the amount of air, and 
thus oxygen, caused a higher amount of energy to be released. Nevertheless, it’s distributed over a 
larger amount of mass, resulting into the same end conditions. 
 
The results of doubling the volume is illustrated in Figure 25, Figure 26, Figure 27, Figure 29 and Figure 
28. 

Figure 26: Results elementary configuration: Different volumes: Oxygen content 

Figure 25: Results elementary configuration: Different volumes: Actual heat release rate 
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Figure 27: Results elementary configuration: Different volumes: Density 

Figure 28: Results elementary configuration: Different volumes: Relative Pressure 

Figure 29: Results elementary configuration: Different volumes: Temperature 
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Figure 30: Results elementary configuration with heat transfer to the boundaries: Actual heat release rate 

5.2 Heat transfer to the boundaries 
This paragraph is dedicated to the assessment of the heat transfer to the boundaries. The following 
parameters are used: 

 The elementary configuration with; 
 Convective heat transfer coefficient equal to 0.010 kW/(m²K), 
 A surface area of the boundaries of 90 m², 
 A heat conductivity coefficient of 0.000041 kW/(m*K) (FIB), 
 Wall density of 229 kg/m³ (FIB), and, 
 Specific heat of the boundaries of 2.090 kJ/(kgK) (FIB). 

The base case is discussed in the first section after which one parameter is altered at a time and 
discussed per section. 
 
 
5.2.1 Elementary configuration with heat transfer to the boundaries 

As stated in paragraph 3.7, the boundaries are assumed to be thermally thick. The latter is checked for 
FIB (with an assumed thickness of 0.1 m): 𝐵𝑖 = ∗ = .   . ².  ∗ = 24.4 > 0.1      ( 31 ) 

Which means that that the assumption made in the code is valid. 
 
The result of the HRR is equal to the one of the case where no heat transfer is considered. The same 
applies for the result of the oxygen content and density since heat transfer will only influence the amount 
of energy, thus temperature and pressure in the enclosure. The result of the  HRRActual, oxygen content 
and density are represented in Figure 30, Figure 31 and Figure 32.   
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The temperature will  be lower in the case where heat transfer to the boundaries is present. This will 
have influence on the fire growth rate since higher temperatures lead to faster fire growth rates. 
Nevertheless, modelling the latter is considered to be outside the scope of the study yet should be kept 
in mind by the user of the code. The result of the temperature is represented in Figure 33. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 31: Results elementary configuration with heat transfer to the boundaries: Oxygen content 

Figure 32: Results elementary configuration with heat transfer to the boundaries: Density 

Figure 33: Results elementary configuration with heat transfer to the boundaries: Temperature 
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 In order to verify the temperature, the heat transfer towards the boundaries is represented in Figure 
34.  

 
 

The heat transfer at a random point in time, 75 s, towards the boundaries can be calculated (using 
exact value obtained by the code): ℎ = ( , ) / = .  ∗ ³ .  ∗ / = 0.016175 𝑘𝑊 𝑚²𝐾   ( 32 ) �̇� = (ℎ + ℎ ) 𝐴 (𝑇 − 𝑇 )                      = 0.010 𝑘𝑊 𝑚 𝐾 + 0.016175 𝑘𝑊 𝑚 𝐾 90𝑚 ∗ (580.75 𝐾 − 293 𝐾)                      = 160.04 𝑘𝑊           ( 33 ) 
Which agrees with the value calculated by the code (160.038 kW). 
 
The total heat transfer up until, for example, 180 s, towards the boundaries can be calculated (with the 
values obtained by the code): 𝐸     = ∫ �̇� 𝑑𝑡 = ∫ �̇� 𝑑𝑡 = 43945.8 𝑘𝐽    ( 34 ) 
The energy produced by the fire up until 180 s is: 𝐸 = ∫ �̇� 𝑑𝑡 = ∫ �̇� 𝑑𝑡 = 101581 𝑘𝐽       ( 35 ) 
The temperature can thus be calculated: 𝑇  =      =    .  .   = 1208 𝐾  ( 36 ) 

Which agrees with the value, 1208 K, obtained with the code. 
 
The pressure can be calculated using the energy equation: 𝑃(180 𝑠) = 𝑃(𝑡) + −𝑐 �̇� (𝑡)𝑇 (𝑡) + 𝑐 �̇� , (𝑡)𝑇 (𝑡) − 𝑐 �̇� , (𝑡)𝑇 (𝑡) +                              𝐻𝑅𝑅 (𝑡) − �̇� 𝛥𝑡 = 0 + . (101581 ∗ 10³𝐽 − 43945.8 ∗ 10³𝐽) =  461081 𝑃𝑎 ( 37 ) 
Which agrees with the value calculated by the code (461081 Pa) as represented in Figure 35. 
 

Figure 34: Results elementary configuration with heat transfer to the boundaries: Heat transfer 
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5.2.2 Elementary configuration with heat transfer to the boundaries: 

Different HRR 

The influence of a higher maximum HRR is noticeable in the fact that, the fire produces more energy in 
a shorter amount of time once the HRR has risen above 1000 kW, implying: 

 A faster descend of the oxygen content, more oxygen is needed to supply the higher HRR, 
 A faster increase of density, more fuel is burned, increasing the total mass in the enclosure 

faster, and, 
 A faster increase of temperature and pressure since energy is released faster. Yet, a higher 

temperature also leads to a higher heat transfer rate to the boundaries. Combining the latter 
with the fact that, the fire stops burning sooner, more energy is deduced away from the 
enclosure in a shorter amount of time compared with the case where the maximum HRR is 
lower. 

A fire with a higher HRR does thus lead to a higher amount of energy in the enclosure in a shorter 
amount of time. Yet, the oxygen content depletes faster, leading to a sooner decay of the fire. 
Combining the latter fact with a larger heat transfer to the boundaries due to the higher temperatures, 
implying lower temperatures and pressures at the end of the current simulation which lasts only 200 s.  
 
The influence of doubling the maximum heat release rate is illustrated in Figure 36, Figure 37, Figure 
38, Figure 39, Figure 40 and Figure 41. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 

Figure 35: Results elementary configuration with heat transfer to the boundaries: Relative pressure 
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Figure 38: Results elementary configuration with heat transfer to the boundaries: Different HRR’s: Density 

Figure 37: Results elementary configuration with heat transfer to the boundaries: Different HRR’s: Oxygen content 

Figure 36: Results elementary configuration with heat transfer to the boundaries: Different HRR’s: Actual heat release 
rate 
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Figure 41: Results elementary configuration with heat transfer to the boundaries: Different HRR’s: Relative Pressure 

Figure 40: Results elementary configuration with heat transfer to the boundaries: Different HRR’s: Heat transfer 

Figure 39: Results elementary configuration with heat transfer to the boundaries: Different HRR’s: Temperature 
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5.3 Leakage 
This paragraph is dedicated to the assessment of the leakage. The following parameters are used: 

 The elementary configuration with; 
 Leakage surface area of 0.1 m²,  and, 
 A time step of 0.001 s for the cases with ventilation, the one without has a time step of 1 s. The 

difference in time step is chosen in order to minimize the oscillation behaviour which will be 
discussed later on. 

The base case is discussed in the first section after which different configurations are discussed in the 
following sections. 
 
 
5.3.1 Elementary configuration with leakage 

Two cases are compared in this section; the elementary configuration without leakage and the 
elementary configuration with leakage.  
 
The simulation with leakage has a significantly shorter fully developed HRR. The result of the HRRActual 
is represented in Figure 42. The latter is confirmed by the result of the oxygen content, represented in 
Figure 43. This is due to the overpressures over the leakage areas which allow a flow outwards causing 
oxygen to be extracted and decreasing the duration of the fully developed HRRActual. The relative 
pressure curves are represented  in Figure 44 and Figure 45 (zoom of Figure 44). The flow rate due to 
the leakage is represented in Figure 46.  

 
 
 
 
 
 
 
 

Figure 42: Results elementary configuration with leakage: Actual heat release rate 
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Figure 43: Results elementary configuration with leakage: Oxygen content 

Figure 45: Results elementary configuration with leakage: Relative Pressure: Zoom 

Figure 44: Results elementary configuration with leakage: Relative Pressure 
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When the fire starts growing, a small amount of energy is produced which increases the relative 
pressure. The overpressure leads to a leakage flow rate towards the exterior, decreasing the relative 
pressure to ± 0 Pa. Once the fire starts growing significantly, after ± 20 s,  the pressure rises fast enough 
due to the increasing HRR so that the relative pressure isn’t  diminished instantly by the leakage rate. 
 
After ± 82 s, the fire and thus pressure stop increasing. The leakage flow rate ‘catches up’ with the HRR 
since more energy is removed from the room than added by the fire, resulting in a decrease of the 
pressure. The latter is followed by a jump to ± 0 Pa once no more energy is produced by the fire. It does 
seem unrealistic that the jump occurs so sudden, therefore, an extra graph is made as represented in 
Figure 47 in which the velocity does reach high values up to ± 28.5 m/s. These high values are also 
present where the peak is reached, implying that they have an influence on it. If the values are lower 
due to increasing friction, the flow rates would decrease, leading to higher pressure peaks. 
Nevertheless, the phenomenon is present for each case and since, as mentioned in paragraph 1.3, the 
goal is to assess a large amount of scenarios in a small amount of time leading to a representing range 
of scenarios, it’s not deemed interesting to model the friction loses which will decrease the velocities in 
the limited time available for this study. 

Figure 46: Results elementary configuration with leakage: Leakage rate 

Figure 47: Results elementary configuration with leakage: Velocity through leakage area 
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The pressure peak at ± 82 s doesn’t coincide with the one of the leakage rate, at ± 62 s. The density 
decreases from that point so much that it overrules the effect of a growing volume flow rate, resulting 
in a decreasing mas flow rate. The result of the density is represented in Figure 48.  

The following three values around and on the peak of the leakage mass flow rate are elaborated to 
exemplify the phenomenon (using exact values obtained by the code): �̇�| | = 𝜌 ∗ 𝑠𝑖𝑔𝑛(𝛥𝑃) ∗ 𝐶 ∗ 𝐴 2|𝛥𝑃|𝜌 . ⇒ 

�̇�| |,  = 0.65411 ∗ 𝑠𝑖𝑔𝑛(212.865) ∗ 0.6 ∗ 0.1 2|212.865|0.65411 . = 1.00125 𝑘𝑔/𝑠 

�̇�| |,  = 0.61445 ∗ 𝑠𝑖𝑔𝑛(228.041) ∗ 0.6 ∗ 0.1 2|228.041|0.61445 . = 1.00442 𝑘𝑔/𝑠 �̇�| |,  = 0.57485 ∗ 𝑠𝑖𝑔𝑛(242.281) ∗ 0.6 ∗ 0.1 | . |. . = 1.00139 𝑘𝑔/𝑠  ( 38 ) 

These values confirm the pressure peak and agree with the values obtained by the code. 
 
Another phenomenon is the oscillation of the HRRActual, this is caused by the leakage rate which 
oscillates around zero and thus induces fresh oxygen in the enclosure. The leakage rate oscillates 
because it’s calculated for a time step and remains constant during that time step, even when the 
pressure changes during that time step. Decreasing the time step size decreases this phenomenon as 
discussed in the next paragraph. Nevertheless, the oscillations will not fully disappear since an explicit 
calculation scheme is used. 
 
The end temperatures are equal in both cases, this is due to the difference of energy spread over a 
different amount of mass. The initial amount of oxygen is equal in both cases, the fire is thus able to 
produce an equal amount of energy. Nevertheless, a part of the oxygen is extracted through the leakage 
areas. Yet, with the extraction of oxygen, gases are extracted, leading to lower densities and eventually 
equal end temperatures due to the balance between the extraction of gases and production of energy. 
The temperature after 88 s can be calculated according to (using exact values obtained by the code): 𝑇  = 𝐸  +  𝐸 − 𝐸     𝑚𝑐 = 𝑚  𝑐 𝑇  + ∫ �̇� 𝑑𝑡 − ∫ �̇� 𝑐 𝑇 𝑑𝑡𝑚𝑐  

   =   .  .  .   = 1914 𝐾       ( 39 ) 

Figure 48: Results elementary configuration with leakage: Density 
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Which is equal to the value obtained by the code (1914 K), as represented in Figure 49. 

 
 
5.3.2 Elementary configuration with leakage: Time step 

Two cases are compared in this section; both are the elementary configuration with leakage yet with 
different time step sizes (i.e., 0.01 s and 0.001 s). The results are represented in Figure 50, Figure 51, 
Figure 52, Figure 53, Figure 54 and Figure 55. 
 
The influence of a larger time step is noticeable in the oscillation behaviour of the leakage flow rate. For  
instance, at 5 s with a time step of 0.01 s; the fire grows slightly, a small amount of energy is produced, 
leading to a limited overpressure which implies a flow to the exterior during 0.01 s. The latter flow 
causes a negative overpressure because too much energy and mass are leaked during the time step, 
which leads to a flow going inwards during the next time step, creating the oscillating behaviour. The 
oscillating behaviour of the relative pressure is represented in detail in Figure 56. 
 
The oscillating behaviour of the leakage flow rate implies: 

 An oscillating behaviour of the HRRAcutal and oxygen content (not visible in the figure) once the 
fire has decayed. The leakage flow rates are overestimated, leading to fresh oxygen entraining 
the enclosure, which can be burned. The production of heat leads to the growth of the relative 
pressure, altering the leakage flow rates, restarting the cycle. 

 The temperature and density show slightly oscillating values. Yet, the average values are equal. 
A larger time step leads to more oscillations. Nevertheless, once the HRRActual becomes sufficiently 
large, the relative pressure becomes controlled by the fire, diminishing the oscillations and leading to 
identical maxima for the pressure and temperature. 
 
The leakage flow rate isn’t oscillating when the fire starts producing a significant amount of energy. The 
pressure growth is from that point, ± 10.5 s, determined by the fire, thus are the leakage flow rates 
controlled by the fire and not by themselves leading to identical values for the different time step sizes. 
 
 
 
 

Figure 49: Results elementary configuration with leakage: Temperature 
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Figure 52: Results elementary configuration with leakage: Different time step sizes: Relative pressure 

Figure 50: Results elementary configuration with leakage: Different time step sizes: Actual Heat Release Rate 

Figure 51: Results elementary configuration with leakage: Different time step sizes: Oxygen content 
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Figure 55: Results elementary configuration with leakage: Different time step sizes: Temperature 

Figure 53: Results elementary configuration with leakage: Different time step sizes: Leakage rate 

Figure 54: Results elementary configuration with leakage: Different time step sizes: Density 
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Figure 56: Results elementary configuration with leakage: Different time step sizes: Relative pressure Zoom 
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5.4 Mechanical ventilation: In and out 
This paragraph is dedicated to the assessment of the mechanical ventilation. The parameters of the 
mechanical ventilation are based on Figure 8.  The following parameters are used: 

 The elementary configuration with; 
 �̇� ,  is 0.75 m³/s or �̇� ,  is 0.75 m³/s, 
 𝛥𝑃 , is 1000 Pa or 𝛥𝑃 ,  is 1000 Pa, and, 
 A time step of 0.001 s for the cases with ventilation, the one without has a time step of 1 s. 

The base case is discussed in the first section after which different configurations are discussed in the 
following sections 
 
 
5.4.1 Elementary configuration with mechanical ventilation 

Three cases are compared in this section; the elementary configuration without mechanical ventilation, 
the elementary configuration with mechanical ventilation directed inwards and the elementary 
configuration with mechanical ventilation directed outwards. The result of the HRRActual is represented 
in Figure 57. 
 
 The simulations with mechanical ventilation have significant shorter fully developed HRR’s. The latter 
is confirmed by the result of the oxygen content, represented in Figure 58.  This is caused by the 
overpressures over the mechanical ventilation fans which allow a flow outwards causing oxygen to be 
extracted and decreasing the duration of the fully developed HRRActual. These relative pressure curves 
are represented  in Figure 59 and Figure 60 (zoom of Figure 59).  
 
The case where the mechanical ventilation is directed inwards has a slightly higher HRRActual, this is 
due to the resistance of the fan which opposes the flow going outwards, lowering the amount of oxygen 
which is being disregarded.  
 
The relative pressure of the mechanical ventilation out is -1000 Pa at ± 1 s. The latter is caused by the 
extraction fan which extracts air from the enclosure up until its stall pressure, -1000 Pa, is obtained. At 
that point, the HRRActual is still negligible. The same applies for the mechanical ventilation in in the other 
direction (+ 1000 Pa). This is confirmed by the flows through the mechanical ventilation fans which are 
represented in Figure 61 and Figure 62. Subsequently, the HRRActual grows, increasing the amount of 
energy and thus pressure in the enclosure. Nevertheless, the increase is at a much lower rate than in 
the case without mechanical ventilation since gases are escaping from the enclosure through the fans. 
Once the fire decays, at ± 90 s, the pressure drops suddenly since the mechanical ventilation fans still 
allow the gases to flow out the enclosure.   
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Figure 57: Results elementary configuration with mechanical ventilation: Actual heat release rate 

Figure 58: Results elementary configuration with mechanical ventilation: Oxygen Content 

Figure 59: Results elementary configuration with mechanical ventilation: Relative pressure 
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Figure 62: Results elementary configuration with mechanical ventilation: Mechanical ventilation rate 
out (positive is flow rate directed away from the enclosure) 

Figure 60: Results elementary configuration with mechanical ventilation: Relative pressure: Zoom 

Figure 61: Results elementary configuration with mechanical ventilation: Mechanical ventilation rate in (positive is flow 
rate directed towards the enclosure) 
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The flow rate, at 60 s, in the case where the mechanical ventilation is directed inwards can be calculated 
by (using exact values obtained in the simulation): �̇� = 𝜌(𝑡)�̇� , 𝑠𝑖𝑔𝑛 𝛥𝑃 , − 𝛥𝑃 𝛥𝑃 − 𝛥𝑃 ,𝛥𝑃 , = 

   =0.6813 ³ 0.75 ³  𝑠𝑖𝑔𝑛(1000 − 4540.84)𝑃𝑎 | . | = −0.96151 𝑘𝑔/𝑠  ( 40 ) 

Which agrees with the value (-0.96151 kg/s) calculated by the code. 
 
The temperatures of the cases with mechanical ventilation rise faster. This phenomenon is caused by 
the density difference, represented in Figure 64. The result of the temperature is represented in Figure 
63. 
 
The densities of the cases where mechanical ventilation is present are much lower than the case without 
mechanical ventilation. Furthermore, the density where the mechanical ventilation is directed inwards 
(0.185 kg/m³) is slightly higher than the one where the mechanical ventilation is directed outwards 
(0.18239 kg/m³).  
The energy produced by the fire is lower than the case without mechanical ventilation, it’s also partly 
removed to the exterior. Still, the temperature is equal to the case without mechanical ventilation due 
to the strong decrease in density and since E= 𝑚𝑐 𝛥𝑇. The temperature  at 200 s can be calculated 
(using values obtained by the code): 𝐸  = 𝐸  + 𝐸 − 𝐸  =  𝑚  𝑐 𝑇  + �̇� 𝑑𝑡 − �̇� 𝑐 𝑇 𝑑𝑡 

   = 17580 𝑘𝐽 + 34992.3 𝑘𝐽 − 35071 𝑘𝐽 = 17501.3 𝑘𝐽     ( 41 ) ⇒ 𝑇  =  = .  .  ³   = 1919.11 𝐾     ( 42 ) 

Which agrees with the value obtained by the code (1914 K) except for the small error due to rounding 
adjustments. 

  
 
 
 

Figure 63: Results elementary configuration with mechanical ventilation: Temperature 
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5.4.2 Elementary configuration with mechanical ventilation: Time step 

The influence of a larger time step is noticeable in the oscillation behaviour of the mechanical ventilation 
flow rate. For instance, at 5 s with a time step of 1 s; the fire grows slightly, a small amount of energy 
is produced, leading to a limited overpressure which implies a flow to the exterior during 1 s. The latter 
flow causes a negative overpressure because too much energy and mass are removed during the long 
time step, which leads to a flow going inwards during the next time step, creating the oscillating 
behaviour.  
The mechanical flow rate isn’t oscillating when the fire starts producing a significant amount of energy. 
The pressure growth is from that point, ± 38 s, determined by the fire, thus are the mechanical ventilation 
flow rates controlled by the fire and not by themselves leading to identical values for the different time 
step sizes. 
 
The oscillating behaviour of the mechanical ventilation flow rate implies: 

 An oscillating behaviour of the HRRActual and oxygen content once the fire has decayed. The 
mechanical ventilation flow rates are overestimated, leading to fresh oxygen entraining the 
enclosure, which can be burned. The production of heat leads to the oscillation behaviour of 
the relative pressure, altering the mechanical ventilation flow rates, continuing the cycle. 

 The temperature and density show slightly oscillating values. Yet, the average values are equal. 
A larger time step leads to more oscillations. Nevertheless, once the HRRActual becomes sufficiently 
large, the relative pressure becomes controlled by the fire, diminishing the oscillations and leading to 
identical maxima for the pressure and temperature. 
 
The influence of varying the time step size is represented in Figure 65, Figure 66, Figure 67, Figure 68, 
Figure 69 and Figure 70. 
 
 
 
 
 
 

Figure 64: Results elementary configuration with mechanical ventilation: Density 
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Figure 65: Results elementary configuration with mechanical ventilation: Different time step sizes: Actual heat release 
rate 

Figure 66: Results elementary configuration with mechanical ventilation: Different time step sizes: Relative pressure 

Figure 67: Results elementary configuration with mechanical ventilation: Different time step sizes: Mechanical 
ventilation rate in 
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Figure 70: Results elementary configuration with mechanical ventilation: Different time step sizes: Temperature 

Figure 69: Results elementary configuration with mechanical ventilation: Different time step sizes: Density 

Figure 68: Results elementary configuration with mechanical ventilation: Different time step sizes: Oxygen content 
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5.4.3 Elementary configuration with mechanical ventilation: Combined in 
and out 

Two cases are compared in this section; the elementary configuration without mechanical ventilation 
and  the elementary configuration with mechanical ventilation combined inwards and outwards. The 
result of the HRRActual is represented in Figure 71 and Figure 72 (zoom of Figure 71). 
 
The oscillation of the HRRActual has a high frequency. The latter indicates that the fire is supplied with 
fresh oxygen. Other results are represented in Figure 73, Figure 74, Figure 75, Figure 76, Figure 77, 
Figure 78 and Figure 79. 
 
When the fire starts growing, a small amount of energy is produced. Both the ventilation in and out are 
adding and extracting gases, removing a part of the produced energy. After ± 10 s, the fire starts 
producing a significant amount of energy leading to an increase of pressure followed by an increase of 
the flow rate extracted and a decrease of the flow rate added to the enclosure. The mechanical 
ventilation directed inwards even changes sign after ± 50 s due to the high pressure. 
 
Once the HRRActual has reached its maximum, the relative pressure remains constant. The flow rate 
inwards and outwards balance each other out. This is also the case after ± 89 s, at that point a pressure 
drop occurs, due to the drop in the HRRActual, down to 1000 Pa. From that point onwards, an equilibrium 
between the HRRActual, mechanical flow rate in and mechanical flow rate out exists. The mechanical 
flow rate out (0.19404 kg/s) is slightly higher than the mechanical flow rate in (0.186887 kg/s) due to 
the addition of mass by the fire. 
The end temperatures are equal in both cases even if the amount of energy produced by the fire is 
lower and gases are exchanged with the exterior. Yet, the end temperature remains equal due to the 
strong decrease in density. 
 
The results of the density and temperature are represented in Figure 78 and Figure 79. 

 
 

Figure 71: Results elementary configuration with mechanical ventilation: Combined in and out: Actual heat release 
rate 
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Figure 73: Results elementary configuration with mechanical ventilation: Combined in and out: Relative Pressure 

Figure 74: Results elementary configuration with mechanical ventilation: Combined in and out: Relative pressure 
Zoom 

Figure 72: Results elementary configuration with mechanical ventilation: Combined in and out: Actual heat release 
rate: zoom 
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Figure 75: Results elementary configuration with mechanical ventilation: Combined in and out: Mechanical ventilation 
rate in  

Figure 76: Results elementary configuration with mechanical ventilation: Combined in and out:l Mechanical ventilation 
rate out 

Figure 77: Results elementary configuration with mechanical ventilation: Combined in and out: Oxygen content 
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Figure 78: Results elementary configuration with mechanical ventilation: Combined in and out: Density 

Figure 79: Results elementary configuration with mechanical ventilation: Combined in and out: Temperature 
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5.5 Assessment of the P&B factor due to depleted oxygen content 
This paragraph is dedicated to the assessment of the P&B factor.The following parameters are used: 

 The elementary configuration with; 
 𝑃&𝐵 𝑓𝑎𝑐𝑡𝑜𝑟 is taken into account, 

The base case is discussed in the first section. 
 
 
5.5.1 Elementary configuration with the 𝐏&𝐁 𝒇𝒂𝒄𝒕𝒐𝒓 

Two cases are compared in this section; the elementary configuration without P&B 𝑓𝑎𝑐𝑡𝑜𝑟 and the 
elementary configuration with the P&B factor. The result of the HRRActual, P&B factor and oxygen content 
are represented in Figure 80, Figure 81 and Figure 82. 
 
Once the fire has started, the oxygen content depletes, implying a lower P&B factor and thus HRRActual. 
The HRRActual at 81.65 s, which is the end of the growth phase, can be calculated (using values obtained 
by the code): 𝐻𝑅𝑅 = 𝛼𝑡 P&B 𝑓𝑎𝑐𝑡𝑜𝑟 = 𝛼𝑡 𝑌 − 𝑌 ,𝑌 , − 𝑌 ,  

   = 0.15 𝑘𝑊 𝑠² 81.65 𝑠 . .. . = 1000 𝑘𝑊 0.7624 = 762.41 𝑘𝑊   ( 43 ) 

Which agrees with the values obtained by the code. 
 
The results of the relative pressure, temperature and density are represented in Figure 83, Figure 84 
and Figure 85. 
 
The implementation of the P&B factor does have a significant influence on the total energy added to 
the enclosure and thus also the temperature and pressures at short term. Nevertheless, the total 
amount of energy will be equal when the fire is allowed enough time to consume the oxygen fully. 
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Figure 82: Results elementary configuration with P&B factor: Oxygen content 

Figure 80: Results elementary configuration with P&B factor: Actual heat release rate 

Figure 81: Results elementary configuration with P&B factor: P&B factor 
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Figure 85: Results elementary configuration with P&B factor: Density 

Figure 84: Results elementary configuration with P&B factor Temperature 

Figure 83: Results elementary configuration with P&B factor: Relative Pressure 
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5.6 Verification of the code: Conclusion 
A verification of the code has been conducted. More specifically, the physics and phenomena were 
assessed whether they are correctly implemented or not. Five main configurations were studied starting 
from the elementary configuration after which heat transfer to the boundaries, leakage, mechanical 
ventilation and the P&B 𝑓𝑎𝑐𝑡𝑜𝑟 were assessed separately. The influence of different parameters and 
time step sizes were clarified. 
 
It’s concluded that all the relevant physics are correctly implemented. Yet, the sudden pressure drop 
due to high leakage flow rate to the exterior is not deemed realistic. Nevertheless, the phenomenon is 
present for each case and since, as mentioned in paragraph 1.3, the goal is to assess a large amount 
of scenarios in a small amount of time leading to a representing range of scenarios which need to be 
further investigated using other (CFD) software, it’s not deemed interesting to model the friction losses 
which will decrease the velocities, in the limited time available for this study. 
 
The calculation times of the program ranged from 1 up to 10 s, fulfilling the goal of assessing a large 
amount of scenarios in a small amount of time. 
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6 VALIDATION OF THE CODE 

This chapter is dedicated to the validation of the code. More specifically, the results of two experiments 
and their respective numerical simulations are compared with results obtained by the code. The cases 
are thus practical and do represent reality. At first, the experimental setup, with interesting aspects of 
its respective numerical simulation, is discussed. The latter is followed by the code setup and the 
comparison of the results with a conclusion per experiment . A conclusion for the two experiments is 
formed at the end of the chapter. 
 
The data obtained in literature is read-in by an online tool in order to be able to assess and represent it 
in the same graph as the results obtained by the code. The loss of accuracy during the latter process 
is not important during this study. 
 
 

6.1 Fire experiment in a 1970’s apartment 
Janardhan and Hostikka [1, 2] performed experiments to investigate fire-induced pressures and its 
influence on ventilation flows within a compartment. A series of heptane pool and polyurethane mattress 
fires have been recorded in a real, 58.6 m² compartment with a height of 2.57 m. Furthermore, the 
experiments were numerically modelled in FDS. The peak heat release rates were less than 1 MW and 
burning times were about 180 s. The pressures ranged from 100 Pa up, to 1650 Pa during the 
experiments. 
 
 
6.1.1 Experimental setup 

6.1.1.1 Geometry 

The tests were conducted in a 1970’s apartment. The floor area was 58.6 m² with a ceiling height of 
2.57 m. An envelope area of 165 m², including the floor and ceiling, was present. The thickness of the 
concrete from the interior walls was 0.16 m and 0.2 m for the exterior walls. The exterior walls consisted 
of concrete-insulation elements and triple pane glass windows. A lightweight wooden frame formed the 
wall from the living room to the balcony. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 86: Floor plan of the test apartment and measurements. Copied from [2]. 
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6.1.1.2 Thermal boundary conditions 

The material assessed in the numerical simulation was concrete. The conductivity was set to 0.0007 
kW/(m*K), the specific heat was set to 0.75 kJ/(kg*K) and the density was set to 2200 kg/m³. The 
thickness of concrete from the interior walls was set to 0.16 m and 0.2 m for the exterior walls. Since 
the interior walls are exposed to heat from both sides, a material thickness of 0.08 m is used in the 
calculation of the thermal penetration time: 𝑡 = = . ∗ ∗ .∗ . = 3771 𝑠       ( 44 ) 

Which implies that the during the assessment of the code, which lasts 250 s, the heat doesn’t penetrate 
further than 0.08 m. 
 
6.1.1.3 Fire load 

The fuel used was n-Heptane in a 0.7 m x 0.7 m steel pan with a free height of 21 cm. The amount of 
fuel was 3.0 l in test 3 & test 4. The fuel was poured on a water layer to stabilize the burning and provide 
a uniform thickness of n-heptane. The fires were supressed due to fuel burnout after ± 180 s. 
 
 
 
 
 
The mass loss rate, �̇� ,  was measured by placing the heptane pan on a balance in order to accurately 
determine the HRR. The  𝐻𝑅𝑅  can be deduced by using the formula: 𝐻𝑅𝑅 = �̇� 𝛥𝐻          ( 45 ) 
With 𝛥𝐻  the net heat of combustion of n-Heptane, 43.5 MJ/kg [2]. The HRRActual‘s of the numerical 
simulations and experiments are represented in Figure 87. The latter figure shows that the HRRActual’s 
coincide.  
 
 
 
 
 
 
 
 
 
 
 

The oxygen volume fraction was also measured as represented in Figure 88. 

Table 4: Test fuel configurations. Copied from [2] 

Figure 87: The actual heat release rate of experiment and numerical simulation for test 3. Copied from  [2] 
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6.1.1.4 Ventilation configuration 

In total, thirteen different experiments were performed with three different configurations of the exhaust 
ducts. The difference between open, normal and closed configuration is represented in Figure 3. 
 
Three ventilation exhaust ducts were present in the apartment. The one in the kitchen was completely 
closed,  the ones in the bathroom and closet were connected to 160 mm diameter ducts leading to the 
roof of the building. The length of the ducts are not known. A fan for mechanical ventilation directed 
outwards was placed upon the duct connected with the vent in the bathroom. No exact properties were 
determined. Yet, in the numerical simulation, a stall pressure of 200 Pa and flow rate of 0.2 m³/s at 
ambient conditions were used. 
 
 A blower door test was used to determine the air-tightness of the apartment boundaries while closing 
all the other vents of the apartment tightly. The determined air permeability q50 was 1.7 m3h-1m-2 at 
underpressure and 2.7 m3h-1m-2 at overpressure according to the standard SFS-EN 13829. The 
averages of the calculated leakage areas Aleak were about 0.023 m² at overpressure and 0.014 m² at 
underpressure. Thus a clear difference occurs between over-and underpressure. Furthermore, it’s 
observed that the leakage area is dependent of the pressure. 
 
 
6.1.2 Code setup  

6.1.2.1 Geometry 

The total volume of the enclosure is 150.6 m³ with a surface boundary area of 165 m².  
 
6.1.2.2 Thermal boundary conditions 

The material assessed is concrete. The conductivity is set to 0.0007 kW/(m*K), the specific to 0.75 
kJ/(kg*K) and the density to 2200 kg/m³.  
 
As stated in paragraph 3.7, the boundaries are assumed to be thermally thick. The latter is checked for 
concrete: 𝐵𝑖 = ∗ = .   . ².  ∗ = 1.14 > 0.1      ( 46 ) 

Which means that that the assumption made in the code is valid. 

Figure 88: Measured oxygen volume fraction in heptane pool fires. Copied from [2] 
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6.1.2.3 Fire load 

The oxygen volume fraction has been measured during the test. The latter implies that the P&B factor 
could be deduced. Yet, to get an as accurate result as possible, the HRR of the experiment is used as 
input for the HRRActual. 
 
The heat of combustion, 𝛥𝐻 ,  of 43500 kJ/kg [2] is used as input. Using Excel, polynomials and 
constants are fitted on the experimental HRRActual as represented in Figure 89. The polynomials are: 𝐹𝑜𝑟 0 ≤ 𝑡 < 32 𝑠: 𝐻𝑅𝑅 = −0.0066𝑡 + 0.6253𝑡 + 4.0805t  𝐹𝑜𝑟 32 ≤ 𝑡 < 183 𝑠: 𝐻𝑅𝑅 = −0.00006𝑡 − 0.0194𝑡 + 5.3019t + 398.69  ( 47 )  
The input HRR of the code is thus an approach of the real values. Nevertheless, the accuracy is deemed 
acceptable. The influence of the combustion efficiency will also be investigated 

 
6.1.2.4 Ventilation configuration 

The surface area of the vent in the closet is 0.020 m². Combining the latter with the leakage area, 0.023 
m², determined with the blower-door test at overpressure, a total Aleak of 0.043 m² is obtained. Different 
values for the parameter n are implemented according to:  𝐴 = 𝐴 ,   .          ( 48 ) 

It makes it possible to let the cracks, gabs and other to open up, increasing the leakage areas, when 
higher pressures are reached leading to lower pressure peaks. The n-exponent is only used once the 
pressure goes above 𝛥𝑝  or under -𝛥𝑝 . 
A fan for mechanical ventilation out was placed upon the duct connected with the vent in the bathroom 
independent from the previous vent in the closet and leakage area. As in the numerical simulation, a 
stall pressure of 200 Pa and flow rate of 0.2 m³/s at ambient conditions are used.  

Figure 89: Fire experiment in a 1970’s apartment: Actual Heat Release Rate 
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6.1.3 Comparison of the results 

The pressure peaks of the code and experiment coincide when the code is configured with a n-exponent 
equal to 0.7 and a combustion efficiency of 0.95 as represented in Figure 90. The HRRActual of the 
experiment and the code are represented in Figure 91. 
 
The shapes of the curves of the code and experiment do vary significantly. The latter is most likely 
caused by the size of the enclosure, geometry, location of the pressure probe and leakage area’s as 
represented in Figure 86.  When the fire ignites, an amount of energy is produced, this amount is 
relatively confined within the living room when compared with the code. Since that amount is relatively 
confined, it will built up pressure sooner (same amount of energy is spread over a smaller volume) and 
will be detected sooner due to the proximity of the pressure probe. The relative confinement will also 
lead to lower pressure in the rooms where the ventilation is located at, leading to less energy transfer 
to the exterior. Yet, the pressure curve of the experiment decays faster than the ones of the code, 
meaning that energy is lost faster. The latter is verified by the numerical simulation conducted in which 
states that the bulk of the leakage area is situated around the window of the living room. Furthermore, 
the relative pressures at the end of the simulation are much lower in case of the code in comparison 
with the experiment. The latter indicated that the mechanical ventilation fan power is overestimated in 
the code. 

 

Figure 90: Fire experiment in a 1970's apartment: Relative Pressure 
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The result of the temperature is represented in Figure 92. As in the case of the relative pressure, the 
shapes vary. Furthermore, the peak values don’t coincide. Both could be caused by the geometry of 
the room since the thermocouple tree is placed near a corner where a flow towards the fire (and thus 
not coming from the fire) can be expected, leading to lower measurements. Nevertheless, it’s not 
possible to confirm the latter. Yet, the result of the temperature is deemed to be within an acceptable 
range when compared with the experiment for this one-zone model. 

 
As represented in Figure 93, the result of oxygen content obtained by the code agrees with the one 
measured during the experiment. The result of the code descends slower since the oxygen content of 
the whole volume is considered, in contrary to the one of the experiment where the value is measured 
in proximity of the fire, leading to sooner descending values. The shape is thus different due to the 
comparison between the one-zone model and mesh. 

Figure 91: Fire experiment in a 1970's apartment: Actual Heat Release Rate 

Figure 92: Fire experiment in a 1970's apartment: Temperature 
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After ± 183 s, the values coincide briefly after which they increase to the same end value. The latter is 
caused by the decay of the fire since, in both cases, the same amount of oxygen is consumed and the 
gases have gotten the time to spread over the whole enclosure, leading to coinciding values. 
 
If one would want to reproduce the input of the HRR while taking into account the P&B factor , it wouldn’t 
be possible to exactly reproduce the results since the P&B factor is based on the oxygen content of the 
whole enclosure. The enclosure is, in this case, divided into several compartments, making it hard for 
the gases to form a uniform mixture. The results of the P&B factor are represented in Figure 94. 

 

Figure 93: Fire experiment in a 1970's apartment: Oxygen content 

Figure 94: Fire experiment in a 1970's apartment: P&B factor 
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 The result of the velocity is represented in Figure 95. The velocity does reach seemingly realistic values 
is this case due to the use of the n-exponent, increasing the surface areas of the leakage. Furthermore, 
this phenomenon will occur in each case and since the goal of the code is to assess a large amount of 
scenarios in a small amount of time leading to a representing range of scenarios which need to be 
further investigated using other (CFD) software, it’s not deemed necessary to further investigate this 
phenomenon as it was also the case during the verification. 

 
6.1.4 Fire experiment in a 1970’s apartment: Conclusion 

Based upon values obtained in the study of Janardhan and Hostikka [1, 2], implementing the n-exponent 
equal to 0.7 and a combustion efficiency of 0.95, the same peak value of the relative pressure is 
obtained. The shape of the curves are significantly different due to the difference between a mesh and 
one-zone model. The latter is caused due to the size of the enclosure which has been divided by 
multiple walls and door openings, hindering the energy to be uniformly distributed, leading to differences 
in shape of the curves. The peaks do coincide since, at that time, the energy has been given the time 
to spread over the whole enclosure.   

Figure 95: Fire experiment in a 1970's apartment: Velocity through leakage area's 
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Figure 96: Floor plan of the enclosure and measurements. Copied from [3] 

6.2 Fire experiment in a passive house compartment 
In Belgium, a project supported by the KCCE centrum, Ghent University and the University of Mons, 
examines fire-induced pressures using a newly built experimental facility in the region of Mons. The 
enclosure consists of two rooms which, combined, have the same inner dimensions as a 40 foot sea 
container. The rooms are connected with a door which has been closed during the experiment. 
Nevertheless, under the door, there was a void. Other leakage areas were defined with the blower-door 
test. The fire source was overlapping wooden slaps from which the peak heat release rate was ± 280 
kW and the burning time ± 1000 s. The pressure peak value of the numerical simulation in FDS was ± 
2100 Pa and ± 870 Pa during the experiment [3]. A parameter n was implemented which takes into 
account the growth of cracks and gaps due to pressure rise. The latter thus leads to larger leakage 
area’s when pressure rises, resulting in lower pressure peaks. 
 
 
6.2.1 Experimental setup 

6.2.1.1 Geometry 

The enclosure consists of two rooms which, combined, have the same inner dimensions as a 40 foot 
sea container. The room where the fire is located has a length of 7.6 m, a width of 2.4 m and a height 
of 2.4 m. The other room is 4.4 m long and 2.4 m wide. The rooms are connected with a door, which 
has been closed during the experiment. A void under the door is present. The floor plan is represented 
in Figure 96. 

 
6.2.1.2 Thermal boundary conditions 

The outer walls are made of 0.2 m thick concrete. The inner layer is rockwool, with a thickness of 0.05 
m, to be finished with plaster. The partition wall between the two rooms is 0.2 m thick and consists of 
two gypsum layers, each 0.05 m thick, and a 0.13 m thick layer rockwool in between. The door between 
the two rooms consists of two layers steel, each 0.004 m thick, with foam in between. The foam has a 
thickness of 0.192 m. The outer door was sealed to meet passive house standards.  
 
The heat, which is lost to the boundaries, is conducted through the walls. Since the walls are made of 
different materials, the thermal penetration time of the boundary, tp, needs to be calculated according 
to:  𝑡 =           ( 49 ) 

Where 𝛿 is the thickness of the boundary. When 𝑡  is larger than the simulation time, it’s not needed to 
consider the next layer of material since heat hasn’t penetrated the layer yet. The thermal properties, 
thickness and thermal penetration time of the different materials are represented in Table 5. 
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6.2.1.3 Fire load 

The fire source was a stacked structure consisting of wooden slats. The slats had a length of 38 cm 
and section of 27 mm x 18 mm. Furthermore, a stainless-steel cup of 9.5 cm in diameter containing 100 
ml of heptane is used to light the slats. The mass loss rate was measured in order to calculate the 
HRRActual. The results of the experiment and numerical simulation in FDS are represented in Figure 97.  
 
 

6.2.1.4 Ventilation configuration 

Gas extraction and air supply points are present. Yet, these are fully closed during the experiment which 
is discussed here. Nevertheless, under the door, there is a void  present which is 0.9 m wide and 0.01 
m high.  A blower door test has been conducted where the compartment was kept in 50 Pa 
underpressure compared to the ambient. The deduced leakage area is 0.0026 m² for the whole passive 
house compartment. Since the enclosure consists of two rooms, the leakage area is evenly distributed 
over the floors, ceilings and walls. The leakage area in the room where the fire is located is thus 0.0016 
m² and 0.001 m² in the other room. 
 
The comparison of the pressure values obtained during the experiment and by the numerical simulation 
is represented in Figure 98. The peak value of the simulation, with n equal to 0.5, does have a much 
higher peak value compared with the experiment. The n-value is an exponent which simulates a non-
constant leakage area according to: 𝐴 = 𝐴 ,   .          ( 50 ) 

Figure 97: Actual HRR evolution in time: experimental data and FDS output. Copied from [3] 

Table 5: Thermal properties of materials. Copied from [3] 



 

TITLE 
Development, Verification and Validation of an In-house code for 
the Prediction of Pressure Levels in a Well-Confined Enclosure 
Fire 

        DATE  

       24/05/2019 
PAGE 

64/80 

It makes it possible to let the cracks, gabs and other to open up, increasing the leakage areas, when 
higher pressures are reached leading to lower pressure peaks. The n-exponent is only used once the 
pressure goes above 𝛥𝑝  or under -𝛥𝑝 . 
 
As represented in Figure 98, for n equal to 0.5, and thus no opening of the leakage areas due to higher 
pressures, the pressure peak is much higher than in the experiment. The latter proofs that the leakage 
areas are underestimated and thus higher values of n should be used. In this case, the n value is equal 
to 0.7, when Δp = 50 Pa,  in order to have nearly equal pressure peaks in the numerical simulation 
compared with the experiment.  
 
As represented in Figure 98, the shape of the curves with different n-exponents does not vary which is 
normal since they are mainly controlled by the HRR of the fire. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

 
 
 

6.2.2 Code setup 

The duration of the simulation is reduced to 600 s, after that time, the pressure doesn’t have interesting 
features. Furthermore, this reduction in simulation time will ease the implementation of the HRRActual. A 
time step of 0.01 s is used. 
 
6.2.2.1 Geometry 

The geometry is initially limited to the room where the fire is located since a one zone model is used. If 
the total geometry would be used, the energy would be distributed over the whole volume, leading to 
different pressures and temperatures. This results in a length of 7.6 m, a width of 2.4 m, a height of 2.4 
m and thus a volume of 43.776 m³. This means that all the boundaries have a surface area of 84.48 
m².  
 
6.2.2.2 Thermal boundary conditions 

The majority of thermal boundaries, 93.2 %, consist of rockwool. The other 4.57 % consist of gypsum 
and the remaining 2.23 % of steel and foam. These percentages do seem small, yet as represented in 
Table 5, the conductivities, specific heats and densities do differ significantly.  
 

Figure 98: Pressure variation as function of time with 𝛥𝑝 = 50 𝑃𝑎. The lines correspond to different values of pressure 
leakage exponent n. Copied from [3] 



 

TITLE 
Development, Verification and Validation of an In-house code for 
the Prediction of Pressure Levels in a Well-Confined Enclosure 
Fire 

        DATE  

       24/05/2019 
PAGE 

65/80 

In order to show the importance of the 2.23 % large boundary area, consisting of steel, the energy 
absorbed by the steel is calculated. Assuming that the steel will heat up to half the temperature as in 
the enclosure, for example 800 K: 𝐸   = 𝑐 𝑚𝛥𝑇 = 0.49 𝑘𝐽𝑘𝑔 ∗ 𝐾 ∗ 0.9 ∗ 2.1 ∗ 0.004 𝑚 ∗ 8050 𝑘𝑔𝑚 ∗ 8002 − 293 𝐾 

          = 3190.8 𝑘𝐽        ( 51 ) 
The energy absorbed by the steel is thus significant. The effective heat transfer coefficient, ℎ , of the 
whole room  can be modelled according to:  ℎ = ℎ , + ℎ , + ℎ ,     ( 52 ) 

The previous equation is programmed in the code and is used to calculate the  heat transfer to the 
boundaries with ℎ ,  and ℎ ,  being: ℎ , = , ∗ ∗ , .

      ( 53 ) ℎ , = , ∗ ∗ , .
      ( 54 ) 

The layers behind the rockwool and gypsum don’t need to be considered since the thermal penetration 
time is longer than the simulation time, 600 s. 
 
The effective heat transfer coefficient of the door, ℎ , , is a combination of the steel and foam. The 
penetration depth into the foam can be calculated: 𝛿 = = ( . ) ∗ .∗ . = 0.007609 𝑚     ( 55 ) 

The heat thus penetrates 0.007609 m into the foam after 600 s. The conductivity, density and specific 
heat belonging to that penetration depth can be calculated:  𝜆 , = 𝛿 𝛿𝜆 , + 𝛿𝜆 , = (0.004 + 0.007609) 0.0040.0502 + 0.007609 0.000028                                  = 0.00004271 𝑘𝑊 𝑚 ∗ 𝐾        ( 56 ) 𝜌 = ∗ ∗ = . ∗ . ∗. . = 3298.06 𝑘𝑔 𝑚³   ( 57 ) 𝑐 , = 𝑐 , ∗ 𝛿 ∗ 𝜌 + 𝑐 , ∗ 𝛿 ∗ 𝜌𝛿 ∗ 𝜌  

           =  . ∗ . ∗ . ∗ . ∗( . . )∗ . = 0.643 𝑘𝐽 𝑘𝑔 ∗ 𝐾     ( 58 ) 

As stated in paragraph 3.7, the boundaries are assumed to be thermally thick. The latter is checked for 
rockwool, gypsum and the door: 𝐵𝑖 = ∗ = .   . ².  ∗ = 14.3 > 0.1  𝐵𝑖 = ∗ = .   . ².  ∗ = 1.7 > 0.1  𝐵𝑖 = ∗ = ( . . )  . ².  ∗ = 2.7 > 0.1     ( 59 ) 

Which means that that the assumption made in the code is valid. 
 
6.2.2.3 Fire load 

The fire is modelled as during the experiment. The latter was also done in the numerical simulation in 
FDS [3]. This avoids significant errors in the input of the HRR. The 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  thus 
remains one during the whole simulation. The heat of combustion, Hc, 16400 kJ, [11] is used as input. 
Using Excel, polynomials and constants are fitted on the experimental HRRActual as represented in 
Figure 99. The polynomials are: 𝐹𝑜𝑟 0 ≤ 𝑡 < 216 𝑠: 𝐻𝑅𝑅 = 0.000029 ∗ 𝑡 − 0.006𝑡 + 0.4575  
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𝐹𝑜𝑟 216 ≤ 𝑡 < 234 𝑠: 𝐻𝑅𝑅 = 0.4385t − 196.53t + 22097    
 𝐹𝑜𝑟 234 ≤ 𝑡 < 318 𝑠: 𝐻𝑅𝑅 = −0.0129𝑡 + 8.817𝑡 − 1240.94 𝐹𝑜𝑟 318 ≤ 𝑡 < 600 𝑠: 𝐻𝑅𝑅 = 0.0000233 ∗ 𝑡 − 0.03016𝑡 + 11.8402 − 1206.47 ( 60 ) 
The input HRR of the code is thus an approach of the real values. Nevertheless, the accuracy is deemed 
acceptable. The influence of the combustion efficiency will also be investigated 

6.2.2.4 Ventilation configuration 

The ventilation consists of leakage only. The primary part is leaked directly towards the exterior by a 
leakage area of 0.0016 m². The secondary part is leaked under the door to the other compartment and 
eventually the exterior. This leakage consists thus of a series of vents, or resistors, which can be 
modelled according to: 𝐴 , = ((0.01 ∗ 0.9) + 0.001 ) = 0.0009 𝑚²    ( 61 ) 
The total leakage area in the code is thus the sum of 0.0016 m² and 0.0009 m², equal to 0.0025 m². 
Note that the latter calculation will be revised later on. Different values of the n-exponent are also 
implemented in the code by the following equation: �̇�| | = 𝜌 ∗ 𝑠𝑖𝑔𝑛(𝛥𝑃) ∗ 𝐶 ∗ 𝐴 ,   . | | .

    ( 62 ) 

With n equal to 0.5 for the elementary case. 
   

Figure 99: Fire experiment in a passive house: Actual Heat Release Rate 
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6.2.3 Comparison of the results 

The results from the experiment, numerical simulations and the code are compared in this paragraph. 
Furthermore, the influence of varying different parameters is assessed.  
 
6.2.3.1 Experiment vs code 

The relative pressure curves of the experiment and the code are represented in Figure 100. The peaks 
don’t precisely coincide in function of time since the deviations in shape are caused by the deviations 
between the HRRActual from the experiment and the input of the code due to the conversion from the 
graph to datapoints and eventually polynomials in Excel. 
 
The maximum values do differ significantly. The first peaks have values of ± 340 Pa and ± 6707 Pa, 
the second, also highest, peaks have values of ± 841 Pa and ± 18320 Pa. Deduced from the latter, the 
pressure obtained by the code needs to be divided by a factor 19.7-21.8 to get comparable values as 
obtained in the experiment.   

 
 
 
 

Figure 100: Fire experiment is a passive house compartment: Experiment vs Code: Relative Pressure 
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6.2.3.2 Varying n – exponents 

The influence of varying the n-exponent, as in equation ( 63 ), is implemented in the code and compared 
with the pressure curves obtained by [3] in FDS and the experiment. The latter is represented in Figure 
101.  The code does approach the values obtained in FDS and the experiment when n is increased. In 
order to fully comprehend the results, Table 6 is made. 

 
When a value of n equal to 0.7 is implemented in the code, the peak value is 4.6 times the one in the 
experiment. The value of 0.7 is representative since it is also used in the numerical simulation in FDS 
when comparable pressures are obtained as during the experiment. 
 
 
 
 
 
 
 
 
 
 

Figure 101: Fire experiment in a passive house compartment: Varying n-exponents: Relative Pressure 

Table 6: Fire experiment in a passive house compartment: Varying n-exponents: Summary 
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6.2.3.3 Varying input HRRActual 

The HRRActual is measured during the experiment by weighing how much mass is pyrolyzed and 
assuming complete combustion. Complete combustion is impossible, therefore, simulations in the code 
have been made for a combustion efficiency of 1, 0.95 and 0.90 as represented in  Figure 102. It’s clear 
that, for a value of 0.9 combustion efficiency, the relative pressure reaches significantly smaller values. 
The difference at the largest peak for the latter is, compared with complete combustion, ± 320 Pa. The 
simulations in the code are performed for a value n equal to 0.7.  

Figure 102: Fire experiment in a passive house compartment: Varying combustion efficiency: Relative 
Pressure with n equal to 0.7 for every case 
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6.2.3.4 Varying thermal parameters of the boundaries 

Different simulations have been made using the code as represented in Figure 103 with n equal to 0.7 
and the combustion efficiency equal to 1. As expected, the peak pressure is the lowest when the 
configuration where the thermal properties from the door are used for the whole enclosure. The 
difference between the configuration where rockwool and an estimated combination of all the materials, 
as prescribed in section 6.2.2.2,  is significant. The difference between the peak values of the latter 
configurations (without concrete, since it doesn’t take part in the heat transfer) is 1857 Pa.   

6.2.3.5 Varying leakage surface area’s 

Up until now, the Aleak is assumed to be: 𝐴 = 0.0016 +  . ∗ . . =  0.0016 + 0.0009 m² = 0.0025𝑚²                ( 64 ) 

The leakage area to the second room is thus assumed to be 0.0009 m² while the leakage area under 
the door is actually 0.009 m², a factor 10 larger. In reality, a part of the gases will flow to the second 
room and will remain there. Another part will flow to the ambient through the 0.001 m² leakage surface 
area of the room where the fire is located in. The latter is not taken into account in the code resulting 
into an overestimation of the relative pressures.  
To simulate the above with the code, a setup is configured with an n-exponent of 0.7, 90 % combustion 
efficiency and the thermal properties of the estimated combination of all the materials, as prescribed in 
section 6.2.2.2. Do note that the 90 % combustion efficiency is based upon engineering judgement. 

Figure 103: Fire experiment in a passive house compartment: Varying thermal properties of the boundaries: Relative 
Pressure with n equal to 0.7 for every case 
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The leakage area Aleak is configured so that the pressure peak coincides with the one obtained by the 
experiment as represented in  Figure 104.  
 
The leakage area, Aleak, is determined to be 0.00684 m². This value is 2.74 times larger than the one 
as calculated in equation: 

 𝐴 = 0.0016 + . ∗ . . =  0.0016 + 0.0009 m²=0.0025𝑚²              ( 64 )  

Yet does seem reasonable since: 
 The total leakage area from the room with the fire is equal to 0.0106 m² from which the largest 

part is the 0.09 m² under the door, leaking gases to the secondary room. 
 The gases leaked to the secondary room mainly accumulate there, only a small part is leaked 

towards the ambient through the smaller leakage area of 0.001 m². Pressure will thus build up 
in the secondary room. 

 The pressure build-up will reduce the flow towards the secondary room. Yet, since the volume 
of the second enclosure is equal to 58% of the enclosure where the fire is located, a lot of 
mass and energy are transferred towards it, resulting into lower pressures in the enclosure 
where the fire is situated in.  

 
6.2.3.6 Two rooms as one zone 

Only the room where the fire is located in has been studied up until now. The latter is now questioned 
since, as studied in section 6.2.3.5, the void under the door is of great influence up until the level that 

Figure 104: Fire experiment in a passive house compartment: Varying leakage surface area’s: Relative Pressure 
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it’s questioned if the leakage area under the door needs to be considered as a connection between the 
rooms without pressure loss over it. In other words, the two rooms are assessed as one leading to the 
following variables: 

 The total volume is 69.12 m³, 
 A surface boundary area of 138.24 m² which consists of rockwool (91.67 %), partition wall (5.60 

%) and door (2.73 %), and, 
 A leakage area of 0.0026 m². 

The result of the code is represented in Figure 105. The peaks of the experiment and the code match, 
implying that the void under the door, between the two rooms, doesn’t need to be considered as a 
leakage area but as a connection over which no pressure loss is present in the one zone model. 

The result of the temperature is represented in Figure 106 . No experimental values have been reported 
in [3] so there are none to compare the code with. The temperature does seem realistic and follows an 
expected curve when compared with the one of the HRRActual. 

 
 
   

Figure 105: Fire experiment in a passive house compartment: Two rooms as one zone: Relative Pressure 

Figure 106: Fire experiment in a passive house compartment: Two rooms as one zone: Temperature 
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6.2.4 Fire experiment in a passive house compartment: Conclusion 

The influence of varying the ventilation conditions (the n-exponent), fire load (combustion efficiency),  
thermal boundary properties and leakage surface areas have been investigated. It’s clear that 
seemingly small alterations of the parameters lead to significant changes in the pressure values 
obtained by the code.  
 
In this specific case, the assessed volume consisted of two volumes which are connected with a void 
under a door. It’s concluded that the void was sufficiently large in order to assess the two volumes as 
one zone. By assessing the two volumes as one, implementing of the n-exponent equal to 0.7 and a 
combustion efficiency of 0.90, the same peak value was obtained as during the experiment. The shapes 
are comparable yet the insignificant deviations are caused by the difference in input of the HRR and 
the HRR during the experiment.  
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6.3 Validation of the code: Conclusion  
The validation of the code has been conducted in this chapter by assessing two experiments. Those 
experiments have also been numerically simulated in FDS by their performers. By using the necessary 
information of the experiment and numerical simulation in FDS, more specifically, the implementation 
of the exact HRR curve, the n-exponent and combustion efficiency, the same peaks values as in the 
experiment were obtained by the code. The shapes of the curves did vary due to the difference of the 
shape and size of the enclosure (thus the difference between the one-zone model and mesh) and the 
input of the HRR. The influence of seemingly insignificant changes of variables have been assessed. 
 
It’s thus concluded that the code can be used as an instrument to assess a large amount of scenarios 
in a small amount of time, before considering specific scenarios which might need further investigations 
using an advanced CFD, Computation Fluid Dynamics,  software. 
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7 CONCLUSION 

During the last decades, well-confined enclosures have emerged all over the world. These enclosure 
have a high air tightness and are well-insulated in most cases which both lead to significant fire-induced 
pressures. The latter pressures have been reported ranging from 100 Pa up to 3000 Pa where 100 Pa 
is already sufficiently large to prevent a door from opening. 
 
The objective of the master’s dissertation was to develop, verify and validate an in-house code, written 
in the programming language FORTRAN, for a well-confined enclosure fire (e.g., in passive houses) 
using the well-stirred reactor approach (i.e., one zone modelling). The main inputs of the code are the 
geometry of the enclosure, the fire HRR curve, the thermal properties of the boundaries, the mechanical 
ventilation conditions and the level of leakage. The main output is the time-history of the pressure 
profile. 
 
At first, the introduction, stating the problem, goal, applications and research plan, is discussed. The 
latter is done in order to define the scope of this master’s dissertation. Secondly, studies, setups and 
results from other studies are investigated in order to formulate the conservation equations and sub-
models which should be implemented in the code. 
 
The next step consists of building the code in FORTRAN by first conceptualizing the code in a flowchart 
followed by the implementation of the different conservation equations and sub-models. In order to 
assess the theoretical correctness of the code, an extensive verification is conducted. The physics are 
deemed to be correctly modelled except for the sudden pressure drop due to high leakage flow rates 
to the exterior. The latter is deemed irrelevant during the validation. 
 
A validation of the code has been conducted where the result of the code is extensively compared with 
two experiments. The implementation of a n-exponent, which implies that the leakage surface area’s 
grow when pressure rises, and the combustion efficiency lead to equal relative pressure peaks. The 
shape of the curves did vary due to the difference between the one-zone model, mesh model and the 
input of the HRR. 
 
It’s concluded that the code can be used as an instrument to assess a large amount of scenarios in a 
small amount of time, before considering specific scenarios which might need  further investigations an 
advanced CFD, Computation Fluid Dynamics,  software. 
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APPENDIX A 

PROGRAM MProgram 
 
!---------------------------------Declaration of the Variables 
!        Constants 
DOUBLE PRECISION::HRR, Alpha     ! Fire properties  
DOUBLE PRECISION::H_c, MinO2lvl     ! Fuel properties 
DOUBLE PRECISION::H_ox, cp, h_conv             ! Physical constants 
DOUBLE PRECISION::T_a, rho_a, P_a, Y_O2_a  ! Ambient conditions 
DOUBLE PRECISION::V, A, k_w, cp_w, rho_w,  A_l, C_d ! Properties of the room 
DOUBLE PRECISION::sim_time, delta_t                         ! Simulation time and time step 
DOUBLE PRECISION::v_in_0, v_ex_0, P_max_in, P_max_ex   ! Properties of the fans 
INTEGER::N, I                                                                              ! Number of time steps N and   index I 
 
!        Variables 
DOUBLE PRECISION,ALLOCATABLE::T(:), rho(:), Y_O2(:), P(:)       ! Gas properties 
DOUBLE PRECISION,ALLOCATABLE::ACTUALHRR(:)       ! Fuel properties  
DOUBLE PRECISION,ALLOCATABLE::mf_in(:), mf_ex(:)             ! Fans' mass flow rates   
DOUBLE PRECISION,ALLOCATABLE::ml(:)             ! Leakage' mass flow rates  
DOUBLE PRECISION,ALLOCATABLE::Y_O2_l(:), Y_O2_in(:), Y_O2_ex(:) ! Oxygen concentrations at      
                          the ducts 
DOUBLE PRECISION,ALLOCATABLE::T_l(:), T_in(:), T_ex(:)               ! Duct Temperatures  
DOUBLE PRECISION,ALLOCATABLE::Q(:), Q_w(:)               ! Heat release rate and      

heat loss to walls  
DOUBLE PRECISION,ALLOCATABLE::time(:)                         ! Time 
DOUBLE PRECISION,ALLOCATABLE::h_k(:)                    ! Effective conductive heat 

transfer coefficient 
DOUBLE PRECISION,ALLOCATABLE::PBfactor(:)        ! P&Bfactor 
DOUBLE PRECISION,ALLOCATABLE::icalc(:) ! Intermediate calculation 

parameter 
!---------------------------------End declaration of the variables 
 
!---------------------------------Physical input of the variables 
!        Fire 
HRR = 1000.         ! Steady state HRR [kW] 
Alpha  = 0.15       ! Fire growth rate[kW/s2] 
 
!        Fuel 
H_c = 45000.       ! Heat of combustion [kJ/kg] 
MinO2lvl = 0.1      ! Minimum oxygen level [kg_O2/kg_air] 
     
!        Physical 
H_ox      = 13100.           ! Heat released par mass of oxygen [kJ/kg] 
cp        = 1.               ! Specific heat [kJ/kg.K] 
h_conv    = 0.010           ! Convective heat transfer coeff. [kW/m2.K] 
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!        Ambient properties 
T_a    = 293.           ! Ambient temperature [K] 
rho_a  = 1.2        ! Ambient density [kg/m3] 
P_a    = 0.              ! Ambient overpressure [Pa] 
Y_O2_a = 0.233            ! Oxygen concentration [kg_O2/kg_air] 
 
!        Room properties 
V     = 50.0              ! Room volume [m3] 
A     = 90.0               ! Surface area of the boundaries [m2] 
!k_w   = 0.0015          ! Conductivity of walls (concrete) [kW/m.K] 
!cp_w  = 0.736             ! Specific heat of walls (concrete)[kJ/kg.K] 
!rho_w = 2430.             ! Density of walls (concrete) [kg/m3] 
k_w   = 0.000041          ! Conductivity of walls (FIB) [kW/m.K] 
cp_w  = 2.090            ! Specific heat of walls (FIB)[kJ/kg.K] 
rho_w = 229.                 ! Density of walls (FIB) [kg/m3] 
A_l = 0.0          ! Area over which the leakage can occur [m²] 
C_d = 0.6           ! Discharge coefficient [] 
 
!        Fan properties 
v_in_0 = 0.            ! Volume flow rate of inlet fan at P=0 Pa [m3/s] 
v_ex_0 = 0.              ! Volume flow rate of exhaust fan at P=0 Pa   

[m3/s] 
P_max_in = 1000.            ! Stall pressure of inlet fan [Pa] 
P_max_ex = 1000.             ! Stall pressure of exhaust fan [Pa] 
 
!        Simulation time and time steps 
sim_time = 500.                       ! Simulation time [s] 
delta_t  = 1.                          ! Time step       [s] 
N        = NINT(sim_time/delta_t)     ! Number of time steps [-] 
!---------------------------------End Physical input of the variables 
 
!---------------------------------Allocation of variables  
ALLOCATE(T(N),rho(N),P(N),Y_O2(N))   ! Gas properties 
ALLOCATE(ACTUALHRR(N))       ! Fuel properties 
ALLOCATE(ml(N),mf_in(N),mf_ex(N))             ! Mass flow rates of leakage and fans 
ALLOCATE(Y_O2_l(N),Y_O2_in(N),Y_O2_ex(N))   ! Oxygen concentrations at the ducts 
ALLOCATE(T_l(N),T_in(N),T_ex(N))             ! Temperatures at the ducts 
ALLOCATE(Q(N),Q_w(N))                   ! Heat release rate and heat loss to walls 
ALLOCATE(time(N))                      ! Time 
ALLOCATE(h_k(N))                       ! Conductive heat transfer coefficient  
ALLOCATE(PBfactor(N))      ! P&B factor 
ALLOCATE(icalc(N))        ! Intermediate calculation parameter 
!---------------------------------End Allocation of variables  
 
!---------------------------------Initial conditions 
T(1)   = T_a 
rho(1) = rho_a 
P(1)   = P_a 
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Y_O2(1)= Y_O2_a 
Q(1)   = 0.0 
PBfactor(1)=0.0 
icalc(1)=0.0 
!---------------------------------End initial conditions 
 
!---------------------------------Calculation 
 DO I=1,N-1 
 time(I)= I*delta_t-delta_t 
     
    !HRR Correction for the amount of oxygen available 
     PBfactor(I)=(Y_O2(I)-MinO2lvl)/(Y_O2_a-MinO2lvl) 

ACTUALHRR(I)=PBfactor(I)*MIN(HRR,Alpha*(time(I)**2.),MAX((Y_O2(I)-
MinO2lvl)*rho(1)*V*H_ox/delta_t,0)) 

   
    !Leakage  
      IF(P(I).GE.P_a)THEN 
          !Going out 
               ml(I)=rho(I)*C_d*A_l*SQRT(2*ABS(P(I))/rho(I)) 
               Y_O2_l(I) = Y_O2(I) 
               T_l(I)    = T(I) 
 ELSE 
          !Going in 
   ml(I)=-rho_a*C_d*A_l*SQRT(2*ABS(P(I))/rho_a) 
               Y_O2_l(I) = Y_O2_a 
             T_l(I)    = T_a 
       END IF 
 
    !Mechanical inlet  
     IF(P(I).LE.P_max_in)THEN 
      mf_in(I)= rho_a*v_in_0*SQRT(ABS(P_max_in-P(I))/P_max_in) 
              Y_O2_in(I) = Y_O2_a 
                T_in(I)    = T_a 
        ELSE 
                mf_in(I)= -rho(I)*v_in_0*SQRT(ABS(-P_max_in+P(I))/P_max_in) 
      Y_O2_in(I) = Y_O2(I) 
                 T_in(I)    = T(I) 
           END IF 
 
    !Mechanical outlet   
             IF(P(I).GE.-P_max_ex)THEN 
       mf_ex(I)= rho(I)*v_ex_0*SQRT(ABS(P_max_ex+P(I))/P_max_ex) 
               Y_O2_ex(I) = Y_O2(I) 
                 T_ex(I)    = T(I) 
             ELSE 
                 mf_ex(I)= -rho_a*v_ex_0*SQRT(ABS(-P_max_in-P(I))/P_max_ex) 
       Y_O2_ex(I) = Y_O2_a 
                 T_ex(I)    = T_a 
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         END IF 
 
    !Heat transfer 
       IF(time(I).EQ.0)THEN 
      Q_w(I)=0 
         ELSE 
         h_k(I)=SQRT(k_w*rho_w*cp_w/time(I)) 
         Q_w(I)= ((h_conv**(-1.) +h_k(I)**(-1.))**(-1.))*A*(T(I)-T_a)  
      END IF 
       
    !Mass equation 
     rho(I+1)=rho(I)+(ACTUALHRR(I)/H_c-ml(I)+mf_in(I)-mf_ex(I))*delta_t/V 
     
    !Oxygen equation 

icalc(I)=(-ml(I)*Y_O2_l(I)+mf_in(I)*Y_O2_in(I)-mf_ex(I)*Y_O2_ex(I)-
ACTUALHRR(I)/H_ox)*delta_t/V 

  Y_O2(I+1)=(Y_O2(I)*rho(I)+icalc(I))/(rho(I+1)) 
 
    !Energy equation 

T(I+1)=(T(I)*rho(I)+(mf_in(I)*T_in(I)-mf_ex(I)*T_ex(I)-ml(I)*T_l(I)+(ACTUALHRR(I)-
Q_w(I))/cp)*delta_t/V)/rho(I+1) 

   
    !Energy equation 

P(I+1)=P(I)+400*delta_t/V*(cp*mf_in(I)*T_in(I)-cp*mf_ex(I)*T_ex(I)-
ml(I)*cp*T_l(I)+ACTUALHRR(I)-Q_w(I)) 

     
 END DO 
!---------------------------------End Calculation 
 
!---------------------------------Output 
CALL WRITE_OUT_OUTPUT_RESULTS 
CONTAINS 
!        RESULTS 
  SUBROUTINE WRITE_OUT_OUTPUT_RESULTS 
     OPEN(UNIT=10,FILE='Results',STATUS='UNKNOWN') 
       
        DO I=1,N-1 
        WRITE (10,10) time(I),P(I),T(I),ACTUALHRR(I),Y_O2(I),ml(I), mf_in(I),mf_ex(I),rho(I) 
 10     FORMAT (F12.2,F12.3,F12.4,F12.5,F12.6,F12.7,F12.8,F12.9,F12.10) 
        ENDDO 
     CLOSE(10) 
   
   END SUBROUTINE WRITE_OUT_OUTPUT_RESULTS 
    
!---------------------------------End Output 
 
END PROGRAM MProgram 


