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Abstract 

A pre-flashover fire is very different from a post-flashover fire. The main difference is that in a pre-

flashover fire the gas temperature and the radiation temperature differ. One thing that makes it a lot 

different is that the thermal exposure induced by a pre-flashover fire is largely affected by the smoke 

gas layer. These smoke gases can be very hot and therefore they emit heat radiation to their 

surroundings. The theory used, to calculate the thermal exposure of a pre-flashover fire, in this thesis 

relies on using thermal resistances to describe the heat transfer from the smoke gases. By doing so it 

is possible to calculate the temperatures of the smoke gases and the surfaces in touch with the smoke 

gases. Another approach is to use CFD software to numerically calculate the temperatures and in this 

thesis the two-zone model are compared to FDS, a CFD software. The two-zone model are also 

compared to a reduced-scale test. The comparisons gave good results, the two-zone model produced 

similar results compared to re reduced-scale test and FDS. This method of calculating thermal 

exposure can thereby be used to evaluate evacuation safety and save a lot of calculation time 

compared to calculating the thermal exposure with CFD software such as FDS. 
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Nomenclature 
 

Tf Smoke gas temperature     [°K] 

T∞ Ambient temperature     [°K] 

ṁp Mass flow rate, plume     [
𝑘𝑔

𝑠
] 

ṁo Mass flow rate, outside     [
𝑘𝑔

𝑠
] 

ṁi Mass flow rate, inside     [
𝑘𝑔

𝑠
] 

�̇�𝑐 Heat release rate due to combustion    [W] 

z Effective plume height     [m] 

α1 Zukoski coefficient      [-]

  

�̇�𝑙  Energy loss due to convection    [W] 

�̇�𝑤 Energy loss due to heat transfer to boundaries   [W] 

�̇�𝑟 Energy loss due to radiation from the fire   [W] 

𝜒 Combustion efficiency     [-] 

𝛼2  Combustion yield     [
𝐽

𝑘𝑔
] 

𝑐𝑝 Specific heat capacity of air at constant pressure   [
𝑊

𝑘𝑔∗𝐾
] 

𝜃𝑓 Temperature differential between fire and ambient temperature  [°] 

휀𝑓𝑙 Radiation loss fraction     [-] 

𝜎 Stefan-Boltzmann constant     [
𝑊

𝑚2𝐾4
] 

𝐴𝑜 Total area of openings in boundaries    [𝑚2] 

𝐴𝑡 Total area of boundaries     [𝑚2] 
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𝑞"𝑤 Energy loss per time and area unit to boundaries   [W] 

𝜃𝑢𝑙𝑡 Ultimate temperature rise     [°] 

𝑅𝑓,𝑐  Thermal resistance of the fire due to convection   [
𝑚2𝐾

𝑊
] 

𝑅𝑓,𝑟 Thermal resistance of the fire due to radiation   [
𝑚2𝐾

𝑊
] 

𝑅𝑖,𝑐 Thermal resistance of the inside of the boundaries due to convection [
𝑚2𝐾

𝑊
] 

ℎ𝑐 Heat transfer coeficent due to convection   [
𝑊

𝑚2𝐾
] 

𝑅𝑖,𝑟 Thermal resistance of the inside of the boundaries due to radiation  [
𝑚2𝐾

𝑊
] 

휀𝑠 Emissivity of the boundaries    [-] 

𝑅𝑠𝑢𝑚,𝑝 Sum of thermal resistances in parallel connections   [
𝑚2𝐾

𝑊
] 

𝑅𝑓,𝑡𝑜𝑡 Total thermal resistance of the fire    [
𝑚2𝐾

𝑊
] 

𝑅𝑖,𝑡𝑜𝑡 Total thermal resistance of the inside of the boundaries  [
𝑚2𝐾

𝑊
] 

𝜃𝑚𝑎𝑥 Maximal temperature rise     [°] 

𝜃𝑓 Temperature rise of the fire    [°] 

𝜃𝑠 Temperature rise of the surface of the boundaries   [°] 

𝑇𝑠 Temperature of the boundaries    [°K] 

𝜏𝑓 Time constant of the fire     [-] 

�̇�𝑝 Volume flow rate of plume    [
𝑚3

𝑠
] 

𝜌 Density      [
𝑘𝑔

𝑚3
] 

𝜌∞ Density of air at ambient conditions    [
𝑘𝑔

𝑚3] 

Afl Area of the floor     [𝑚2] 
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𝑑𝜍

𝑑𝑡
 Smoke gas layer growth     [

𝑚

𝑠
] 

𝜍 Smoke gas layer thickness     [m] 

t Time      [s] 

휀𝑓 Emissivity of smoke gases     [-] 

𝛫 Emission coefficient     [𝑚−1] 

L Mean flame height     [m] 

�̇�"𝑒𝑚𝑖,𝑓 Radiation emitted from smoke gas layer    [W] 

�̇�"𝑒𝑚𝑖,𝑠 Radiation emitted from ceiling    [W] 

�̇�"𝑖𝑛𝑐,𝑓𝑙𝑜𝑜𝑟 Incident radiation emitted against the floor   [W] 

�̇�"𝑡𝑜𝑡 Total radiation     [W] 

𝑇𝐴𝑆𝑇 Adiabatic surface temperature    [°K] 

𝑇𝑔 Gas temperature     [°K] 

�̇�"𝑖𝑛𝑐 Incident radiation     [W] 

a Adiabatic surface temperature solution coefficient   [-] 

b Adiabatic surface temperature solution coefficient   [-] 

c Adiabatic surface temperature solution coefficient   [-] 

𝑀 Adiabatic surface temperature solution coefficient   [-] 

ϑ Adiabatic surface temperature solution coefficient   [-] 

β Adiabatic surface temperature solution coefficient   [-] 

γ Adiabatic surface temperature solution coefficient   [-] 

𝐷∗ Characteristic fire diameter     [-] 

g Gravitational constant     [
𝑚

𝑠2] 
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δx Nominal grid cell size     [m] 

h Garage height     [m] 

ℎ𝑐𝑟 Critical level of the smoke gas layer    [m] 
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1. Introduction 

1.1. Background 

The gas and radiation temperatures are considerably different in a pre-flashover fire. In these fires hot 

smoke gases amass at ceiling level. These gases can be very hot and therefore poses a threat since 

their thermal exposure by radiation to people and structures can be very large. Therefore, a different 

approach is needed, rather than the method used in post-flashover fires, to calculate the exposure to 

the structure and people below the smoke gases. This due to the fact that in a post-flashover fires the 

fire temperature is assumed uniform, i.e. the gas and radiation temperature are assumed equal. The 

usage of adiabatic surface temperature is one way of expressing an appropriate thermal exposure 

thereby accurately calculated temperatures of people and structures. 

It is hard and demanding to do full-scale tests to see what the temperatures of these hot smoke gases 

are and how they affect their surroundings. The full-scale tests conducted do not represent all fires. 

Therefore, other ways to see how the hot smoke gases can affect its surroundings are needed. One 

way is to do calculations with two-zone models and another way is to use computational fluid 

dynamics (CFD). 

 A two-zone model is divided into two zones, a hot one and a cold one. These two-zone models can 

produce fairly reliable temperatures if used correctly. One way to use a two-zone model is to 

calculate the heat transfer between the smoke gases and the surface. With that known thermal 

resistances of the heat transfer can be calculated and thereby the smoke gas temperature and surface 

temperature can be derived. The temperatures can then can be used to calculate radiation and 

adiabatic surface temperature. Computational fluid dynamics are a numerical solution for a fluid that 

is calculated with a computer. The fluid a divided into smaller volumes with the same properties to 

increase accuracy of calculations. The most common CFD-software used in fire engineering is Fire 

Dynamic Simulator (FDS). The two-zone model and CFD differ in the mathematical approach and 

can give different results depending on the boundary conditions used.  

Boverket have presented critical levels of temperatures, radiation etc. which determines when it isn’t 

possible to evacuate safely in General recommendations on analytical design of fire safety strategy, 

BBRAD 3, BFS 2013:12 (Boverket, 2013). BBRAD is commonly used as guidelines while doing 

calculations of evacuation as a fire engineer in Sweden. The most common thing is to do CFD-

calculations in FDS to see when critical levels are reached, which requires a lot of computer time. If it 

was possible to validate the usage of a two-zone model when calculating the temperatures and 
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radiation levels it could save countless hours of calculation time and thereby make evacuation 

analysis more effective. 

1.2. Purpose  

The purpose of this thesis is to validate a two-zone model according to a reduced-scale test and then 

use it to calculate the temperatures and radiation in a fire scenario and compare these to the critical 

levels of BBRAD. The purpose also includes to investigate if the two-zone model can predict the 

same thermal exposure as a CFD-calculation would. The result can then be analysed to determine if 

the two-zone model can be used as an alternative to FDS in evacuation analyses.  

1.3. Boundaries 

This thesis focuses on the smoke gas layer only, there has been non or minimal focus on the local fire. 

Only a pre-flashover fire is considered. The ceiling surface- and smoke gas temperature will be 

verified against a reduced-scale test. The thermal exposure is only referred to as adiabatic surface 

temperature. 
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2. Theory 

2.1. Two-zone model 

2.1.1. General description 

The two-zone model is divided into two uniform layers as Figure 1 illustrates. The upper layer have 

the temperature Tf , which is the temperature of the fire i.e. the smoke gases in this case. The lower 

layer has the temperature T∞, which is the ambient temperature.   

 

Figure 1 Two-zone model Wickström (2016). 

The model uses the mass conservation equation which means that all the mass the plume, ṁp, is 

sending in to the upper layer have to be in balance with the mass going in, ṁi, and out, ṁo. Which is: 

ṁ𝑝 = ṁ𝑖 = ṁ𝑜      (1) 

The plume ṁp can be calculated using the heat of combustion, qc, effective plume height, z, and the 

Zukoski-coefficient (0.0071
𝑘𝑔

𝑤
1
3𝑠∗𝑚

5
3

), α1, calculated according to the Zukoski plume which is defined 

as (Wickström, 2016): 

𝑚𝑝 = 𝛼1 ∗ �̇�𝑐

1

3 ∗ 𝑧
5

3       (2) 
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The two-zone model also uses the energy conservation equation which handles the different energy 

losses from convection, radiation and heat transfer to the boundaries. Which is written in this form: 

�̇�𝑐 = �̇�𝑙 + �̇�𝑤 + �̇�𝑟      (3) 

2.1.2. Heat flux to boundaries 

The heat release from the fire can be defined as: 

�̇�𝑐 = 𝜒𝛼2ṁ𝑖       (4) 

Χ is the combustion efficiency which is usually chosen to be 0,7 depending on the fuel of the fire. α2 

is the combustion yield which is the amount of energy that is released per mass unit air combusted. 

According to Eq. (1), Eq. (4) can be rewritten as: 

 �̇�𝑐 = 𝜒𝛼2ṁ𝑝      (5) 

The convective energy loss is proportional to the plume mass flow which makes it possible to write 

the loss as: 

�̇�𝑙 = ṁ𝑝𝑐𝑝(𝑇𝑓 − 𝑇∞)      (6) 

cp is the specific heat capacity of air. To simplify Eq. (6) the temperature difference is rewritten as: 

𝜃𝑓 = (𝑇𝑓 − 𝑇∞)       (7) 

Eq. (7) in Eq. (6) gives: 

�̇�𝑙 = ṁ𝑝𝑐𝑝𝜃𝑓       (8) 

The radiation energy loss can be written as: 

�̇�𝑟 = 휀𝑓𝑙𝜎𝐴𝑜(𝑇𝑓
4 − 𝑇∞

4 )      (9) 

The energy loss to the boundaries can be written as: 

�̇�𝑤 = 𝐴𝑡𝑞′′𝑤       (10) 

Where At is the surrounding boundaries and 𝑞"𝑤
̇  is the heat flux to the boundaries. 
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By inserting Eq. (10), Eq. (9), Eq. (8) and Eq. (5) in Eq. (3) and rearranging the heat flux to the 

boundaries can be expressed as: 

�̇�"𝑤 =
𝛼1𝑞𝑐

1
3𝑧

5
3𝑐𝑝

𝐴𝑡
(

𝑞𝑐

2
3

𝛼1𝑐𝑝𝑧
5
3

− 𝜃𝑓) + 𝑓𝑙𝐴𝑜

𝐴𝑡
𝜎(𝑇𝑓

4 − 𝑇∞
4 )    (11) 

2.1.3. Electric analogy. 

In heat transfer calculations the electric analogy is often used to visualize how temperatures, heat 

transfer and formulas is used Wickström (2016). In pre-flashover fire an analogy, as described in 

Figure 2, can be used. 

 

Figure 2 Electric analogy applied to heat transfer calculation.  

The temperature of the fire, which is equivalent to the hot smoke gases this two-zone model, and the 

surface temperatures can be calculated if the resistances and temperature rises (𝜃) of Figure 2 are 

known. 𝜃ult is defined as the ultimate temperature rise which is identified from Eq. (11) to be: 

𝜃𝑢𝑙𝑡 =
�̇�𝑐

2
3

𝛼1𝑐𝑝𝑧
5
3

       (12) 
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Both wall and fire resistances are defined with one radiation part and one convective part. They are 

defined as: 

𝑅𝑓,𝑐 =  
𝐴𝑡

𝑐𝑝𝛼1�̇�𝑐

1
3𝑧

5
3

       (13) 

𝑅𝑓,𝑟 =  
𝐴𝑡

𝑓𝑙𝜎(𝑇𝑓
2+𝑇∞

2 )(𝑇𝑓+𝑇∞)
       (14) 

𝑅𝑖,𝑐 =  
1

ℎ𝑐
       (15) 

𝑅𝑖,𝑟 =  
1

𝑠𝜎(𝑇𝑓
2+𝑇∞

2 )(𝑇𝑓+𝑇∞)
      (16) 

Where hc is the convective heat transfer coefficient which is usually estimated to be between 1-100 

W/m2K depending on the fire conditions. 

The thermal resistances for the wall and fire in Figure 2 are paralleled arranged. To simplify 

temperature calculations, the thermal resistances can be added to each other to create a serial 

arrangement. To add paralleled connected thermal resistances the following formula is used: 

𝑅𝑠𝑢𝑚,𝑝 =
1

1

𝑅1
+

1

𝑅2

       (17) 

Adding the wall thermal resistances and fires thermal resistances leads to this analogy: 
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Figure 3 Electric analogy rearranged to serial connections.  

Where: 

𝑅𝑓,𝑡𝑜𝑡 = 𝑅𝑓,𝑐 + 𝑅𝑓,𝑟      (18) 

𝑅𝑖,𝑡𝑜𝑡 = 𝑅𝑖,𝑐 + 𝑅𝑖.𝑟      (19) 

With the new analogy in Figure 3 a maximum temperature rise of the fire can be defined as: 

𝜃𝑚𝑎𝑥 =
𝜃𝑢𝑙𝑡

1+
𝑅𝑓,𝑐

𝑅𝑓,𝑟

        (20) 

With the maximum temperature rise known it is possible to calculate weighted value of the 

temperature rise in the fire according to: 

𝜃𝑓 =  
𝜃𝑠𝑅𝑓,𝑡𝑜𝑡+𝜃𝑚𝑎𝑥𝑅𝑖,𝑡𝑜𝑡

𝑅𝑓,𝑡𝑜𝑡+𝑅𝑖,𝑡𝑜𝑡
      (21) 

Which ultimately leads to that the temperature of the smoke gases can be calculated according to: 

𝑇𝑓 = 𝑇∞ + 𝜃𝑓      (22) 

To use Eq. (21) the surface temperature rise, θs have to be known. If we assume a semi-infinite wall, 

constant heat release, constant thermal inertia and constant heat transfer coefficients, the temperature 
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rise of the wall can be defined with the knowledge of semi-infinite walls provided by Wickström 

(2016) and the derived electric analogy can be defined as follows: 

𝜃𝑠 = 𝜃𝑚𝑎𝑥 ∗ [1 − (𝑒
𝑡

𝜏𝑓 ∗ 𝑒𝑟𝑓𝑐(√
𝑡

𝜏𝑓
))]     (23) 

 where τf is a time constant defined as: 

𝜏𝑓 = 𝑘𝜌𝑐(𝑅𝑓,𝑡𝑜𝑡 + 𝑅𝑖,𝑡𝑜𝑡)2      (24) 

and the surface temperature is obtained as: 

𝑇𝑠 = 𝑇∞ + 𝜃𝑠       (25) 

 

2.1.4. Smoke filling and radiation emitted against floor 

The smoke filling of can be roughly estimated using the Zukoski plume and the ideal gas law 

(Wickström, 2016). This estimate does not account for openings in the geometric boundaries, i.e. 

smoke gases leaking out of e.g. windows. The mass flow rate from the plume can be used to derive 

the volume flow rate from the plume as: 

�̇�𝑝 =
�̇�𝑝

𝜌
       (26) 

The density can, with the ideal gas law, be expressed as: 

𝜌 =
𝜌∞𝑇∞

𝑇𝑓
       (27) 

The volume flow can be written with the Zukoski plume, Eq. (2), if the following assumptions are 

made: 

 Plume height is the same as the height of the enclosure. 

 Constant temperature rise. 

 No energy losses to boundaries. 

 Constant heat release rate 

The volume flow can then be written with the Zukoski plume Eq. (2) as: 

�̇�𝑝 =
1

𝜌∞
(𝛼1 ∗ �̇�𝑐

1

3 ∗ 𝑧
5

3 +
�̇�𝑐

𝑇∞+𝑐𝑝
)     (28) 
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Given that the floor area is Afl the smoke gas layer’s growth rate is: 

𝑑𝜍

𝑑𝑡
=

1

𝐴𝑓𝑙∗𝜌∞
(𝛼1 ∗ �̇�𝑐

1

3 ∗ 𝑧
5

3 +
�̇�𝑐

𝑇∞+𝑐𝑝
)     (29) 

With the smoke gas layer’s growth rate it is possible to get the thickness of the layer. Assuming that 

the growth is linear the smoke gas layer’s thickness can be expressed as: 

𝜍 = ∫
𝑑𝜍

𝑑𝑡
∗ 𝑑𝑡       (30) 

Holman (2012) suggests that the emissivity of soot and flames can be determined as: 

 휀𝑓 = 1 − 𝑒−𝛫∗𝐿      (31) 

Where L is the mean flame height and Κ is the emission coefficient. Κ is hard to determine but ranges 

from about 0.4 to 1.2. Using the suggested formula from Holman (2012) and assuming that the flame 

mean height can be translated to the smoke layer’s thickness, the emissivity of the smoke gas layer 

can be determined to be: 

휀𝑓 = 1 − 𝑒−𝛫∗𝜍      (32) 

Using the Stefan-Boltzmann law with the smoke gas temperature Eq. (22) and emissivity of the 

smoke gas layer Eq. (32), the emitted radiation from the smoke gas layer becomes: 

�̇�"𝑒𝑚𝑖,𝑓 = (1 − 𝑒−𝛫∗𝜍)𝜎𝑇𝑓
4 = 휀𝑓𝜎𝑇𝑓

4     (33) 

There will also be a radiation contribution from the ceiling which is calculated with: 

�̇�"𝑒𝑚𝑖,𝑠 = (1 − 휀𝑓)𝜎𝑇𝑠
4      (34) 

By adding Eq. (33) and Eq. (34) to each other, the radiation emitted against the floor is equivalent to: 

�̇�"𝑖𝑛𝑐,𝑓𝑙𝑜𝑜𝑟 = �̇�"𝑒𝑚𝑖,𝑓 + �̇�"𝑒𝑚𝑖,𝑠 =  (1 − 휀𝑓)𝜎𝑇𝑠
4 + 휀𝑓𝜎𝑇𝑓

4   (35) 
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2.2. Computable fluid dynamics (CFD) 

2.2.1. General description 

Computable fluid dynamics is henceforth referred to as CFD. Fluid dynamics is the centrepiece of 

CFD and is used in many engineering disciplines. CFD is based on fundamental physics laws such as 

the conservation of mass, momentum and energy. The usage of CFD offers three-dimensional and 

time-dependant solutions to these physics laws.  The three-dimensional space considered is divided 

into smaller volumes and then the fundamental laws are applied to each volume. By doing so, Navier-

Stokes equations are acquired and the solutions to these are the main component in CFD-code. There 

isn’t any CFD-code that can handle all engineering problems related to fluids. Therefore, each 

discipline has its own CFD-code where several sub-processes have been added to the code to deal 

with discipline specific problems. CFD-code used in fire engineering have added turbulence 

modelling, radiation and soot modelling, combustion modelling and more (Karlsson & Quintiere, 

2015). 

The CFD-code consists of three main parts: A pre-processor, a solver and a postprocessor. In the pre-

processor input data such as fluid properties of the air are defined. The solver uses the boundary 

conditions determined in the pre-processor to create algebraic equations for each time step and solves 

these. The post-processor shows the output data from the solver in more understandable formats 

(Karlsson & Quintiere, 2015). 

2.2.2. Fire Dynamics Simulator (FDS) 

The most common CFD-code used in fire engineering is the Fire Dynamics Simulator (FDS) 

developed by NIST. The Fire Dynamics Simulator will henceforth be referred to as FDS. FDS uses 

Navier-stoke equations to deal with the fluid dynamics and large eddy simulation (LES) to deal with 

turbulence.  FDS uses lumped species to deal with combustion. Three species are used: air, products 

and fuel. The products and fuel species are calculated separately. When using FDS, one can include 

different reactions into the combustion. FDS are explicitly calculating the radiation using as default 

100 angles to determine radiation. The number of angles can be increased but the radiation 

calculation is very demanding and simulation time is heavily increased by doing so. FDS can only 

handle rectilinear geometries. The size and amount of the smaller volumes that CFD is built on are 

defined in the input data file. The size is determined by the characteristic fire diameter D* using: 

𝐷∗ = (
𝑞�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔
)

2

5      (36) 

Which is divided with the nominal cell size, δx:  
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𝐷∗

𝛿𝑥
       (37) 

The value of Eq. (37) should be in between 10 and 20 near the fire (BIV, 2013). 

The area of the fire has to be controlled as well, this is done with dimensionless heat release rate: 

𝑄∗ =
�̇�𝑐

𝜌∞𝑐𝑝𝑇∞√𝑔𝐷𝐷2      (38) 

Where the value of Q* should be in between 0.3 and 2.5 (BIV, 2013) 

The post-processor in FDS is called Smokeview and have a range of options to analyse the outdata. 

(McGratten & Dermott et. al, 2016)  

2.2.3. PyroSim 

PyroSim is a software, created by Thunderhead engineering, that is used with FDS. The software has 

a lot of pre-processing options and speeds up the process of creating the input data file to FDS. It also 

has the possibility of importing CAD-files to create the geometry of the model.Another feature 

included in PyroSim is the possibly to add ventilation systems to the model. Smokeview is also 

integrated in PyroSim (Thunderhead engineering, 2012). 

2.3. Adiabatic surface temperature 

Adiabatic surface temperature is an appropriate way of expressing the maximum temperature a 

surface can obtain in a pre-flashover fire (Wickström, 2016). Since the gas and radiation temperatures 

can be considerably different in a pre-flashover fire they offer two separated boundary conditions 

which leads to the expression: 

�̇�"𝑡𝑜𝑡 = 휀𝑠𝜎(𝑇𝑟
4 − 𝑇𝐴𝑆𝑇

4 ) +  ℎ𝑐(𝑇𝑔 − 𝑇𝐴𝑆𝑇) = 0    (39) 

Which also can be expressed with �̇�𝑖𝑛𝑐   as: 

�̇�"𝑡𝑜𝑡 = 휀𝑠(�̇�"𝑖𝑛𝑐 − 𝑇𝐴𝑆𝑇
4 ) + ℎ𝑐(𝑇𝑔 − 𝑇𝐴𝑆𝑇) = 0    (40) 

Malendowski has presented an exact solution of Eq. (40) (Wickström, 2016). 

Eq. (40) is rewritten as the follows: 

휀𝑠𝜎𝑇𝐴𝑆𝑇
4 + ℎ𝑐𝑇𝐴𝑆𝑇 + (−휀𝑠�̇�"𝑖𝑛𝑐 − ℎ𝑐𝑇𝑔) = 0    (41) 

Where TAST is the variable searched in Eq. (41). It can be simplified to: 
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𝑎𝑇𝐴𝑆𝑇
4 + 𝑏𝑇𝐴𝑆𝑇 + 𝑐 = 0       (42) 

The coefficients a, b and c are defined as: 

𝑎 = 휀𝑠𝜎        (43) 

𝑏 = ℎ𝑐       (44) 

𝑐 = −(휀𝑠�̇�"𝑖𝑛𝑐 + ℎ𝑐𝑇𝑔)      (45) 

Eq. (40) have four solutions due to the fact that it is a fourth grade equation. In this case only one is 

physically possible since a temperature expressed in Kelvin cannot be below zero, hence: 

𝑇𝐴𝑆𝑇 =
1

2
(−𝑀 + √

2𝑏

𝑎𝑀
− 𝑀2)     (46) 

M is defined as: 

𝑀 = √
𝛽

𝜗
+

𝜗

𝛾
       (47) 

Coefficients ϑ, β, γ are defined as: 

𝜗 = √√3 ∗ (√27𝑎2𝑏4 − 256𝑎3𝑏3 + 9𝑎𝑏2)
3

    (48) 

𝛽 = 4 ∗ √
2

3

3
∗ 𝑐      (49) 

𝛾 = √18
3

∗ 𝑎       (50) 

By calculating Eq. (48), Eq. (49), Eq. (50) and inserting them into Eq. (47) the solution can be 

inserted into Eq. (46) along with Eq. (43), Eq. (44), Eq. (45) to get an exact solution of the adiabatic 

surface temperature.  
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2.4. Critical levels 

In 2013 Boverket published a document called BBRAD – General recommendations on analytical 

design of fire safety strategy, BBRAD 3, BFS 2013:12. This document contains recommendations in 

analytical dimensioning of fire protection. Among the recommendations is a table of critical levels for 

evacuation. If analytical solutions exceed these critical levels, evacuation is deemed dangerous. The 

table is as follows: 

Table 1 Critical levels in evacuation (Boverket, 2013). 

Criteria  Level 

1. The smoke gas layer’s height above 

floor level. 

Min. of (1.6+(0.1*”height of room”) meters 

2. Visibility 2.0 meters above floor level. 10.0 meters in areas >100 m2  

5.0 meters in areas ≤100 m2 also applicable if there is a 

risk of queue at the start of the evacuation. 

3. Radiation. Maximum 2.5 kW/m2 or a short maximum of 10 kW/m2 

in combination with a maximum of 60 kJ/m2 in addition 

to the radiation level of 1 kW/m2. 

4. Temperature. Maximum 80°C 

5. Toxicity 2.0 meters above floor level. Carbon monoxide concentration(CO) < 2000 ppm 

Carbon dioxide concentration(CO2) < 5 % 

Oxygen concentration(O2) > 15 % 
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3. Method 

3.1. Adaptation of two-zone model theories. 

The adaptation of the two-zone model theories was made by creating calculation sheets in Microsoft 

Excel. The usage of Microsoft Excel simplified the process of calculation since the input data is the 

only thing that the user had to change. The critical levels of BBRAD, that are described in Table 1, 

were used as a reference frame of when danger arises and evacuation cannot proceed safely. 

Consequently, the thermal exposure caused by the smoke gas layer at that corresponding height is 

calculated. The critical time is the time when this concurs. The critical time is the basis for calculating 

the rest of the parameters in the calculation of the smoke gas layer’s thermal exposure. Figure 4 

explains the calculation procedure as a flowchart. The steps in the flowchart will be described in 

detail in sections below.

 

Figure 4 Flowchart showing the calculation procedure (going from left to right) of the two-zone 

model. 
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3.1.1. Smoke gas filling and smoke gas emissivity. 

First, a calculation sheet was set up with the smoke gas layer growth formula Eq. (29) with a column 

of time steps. With the use of Eq. (30) the smoke layer’s thickness, ς, could be determined for every 

time step. Since the smoke gas layer’s thickness is determined for every time step, it is possible to 

calculate the smoke gases emissivity, εf, from Eq. (31). This resulted in the calculation sheet seen in 

Figure 5 below. 

 

Figure 5 Microsoft Excel calculation sheet for smoke gas layer height and its emissivity 
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3.1.2. Ceiling temperatures and smoke gas temperatures. 

Secondly, a calculation sheet for the ceiling temperature and smoke gas temperature was created. The 

ultimate temperature rise, 𝜃𝑢𝑙𝑡, Eq. (12), maximum temperature rise (𝜃𝑚𝑎𝑥) Eq. (18) and time 

constant, 𝜏𝑓, Eq. (24) were put in cells in the sheet from input data. The thermal resistances of the 

wall and smoke gases needed the maximum temperature and the time constant, Eq. (13), Eq. (14), Eq. 

(15) and Eq. (16), to be calculated. The thermal resistances depending on radiation, Eq. (14) and Eq. 

(16), were depending on the temperature of the smoke gases, Eq. (22), and thereby Eq. (21). The 

temperature of the smoke gases was at this time unknown and had to be guessed as a first step to 

calculate the thermal resistances. With the thermal resistances based on the guessed smoke gas layer 

temperature the maximum temperature, Eq. (20), could be calculated too. With these parameters 

known it was possible to calculate a smoke gas layer temperature and thereby also a ceiling surface 

temperature according to Eq. (23) and Eq. (24) and thereby Eq. (25). Notice that Eq. (23) requires 

that the boundary condition, 𝜃𝑚𝑎𝑥, Eq.(18), as well as the time constant, 𝜏𝑓 , Eq. (24) , remains 

constant throughout the whole process, which is not the case here. The calculations are here 

calculated step-by-step in time assuming the parameters being equal the values corresponding to the 

latest temperature level. If the thermal material parameters are constant, but not necessarily the 

boundary heat transfer parameters, fire temperatures could be obtained by a Duhamel superposition 

technic as described by Sjöström and Wickström (2014). Due to limitations of time in this work the 

Duhamel superposition technic was not used. 

A column with time steps were created after the parameters were calculated. With the time column 

created, the ceiling surface and smoke gas temperatures and thereby thermal resistances, for each 

time step could be calculated. When the critical time of the smoke filling calculations were acquired, 

the equivalent time step is chosen to do further calculations. Since the thermal resistances of each 

time step were calculated according to a guessed temperature, the thermal resistances equivalent to 

the specific time step, i.e the critical time, had to be iteratively calculated.   

The iteration process focuses on the critical time calculated in the previous sheet where the smoke 

filling were calculated. The critical time is when the smoke layer height has reached a pre-defined 

level. As seen in Figure 6, the critical time is the green row and the corresponding resistances are in 

the yellow columns. The interception of these are the resistances of that specific time and that is the 

values used in the iteration procedure. The iteration process should result in same values in the grey 

“Iteration parameters” cells as for the cells where the interception of the yellow resistance columns 

and the critical time row of Figure 6 occurs. When the values of these are the same, the resistance of 
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the critical time is calculated and thereby the ceiling surface and smoke gas layer temperature are 

calculated. These are found in the corresponding column in the green critical time row. 

 

Figure 6 Microsoft Excel calculation sheet for smoke gas- and ceiling surface temperature 
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3.1.3. Radiation from smoke gas layer. 

A third sheet was created to determine the radiation from the smoke gas layer towards the floor. The 

radiation contributions from the ceiling surface and the smoke gas layer is described in Figure 8. This 

sheet used the results from the two earlier created sheets to calculate the radiation. The radiation was 

calculated with Eq. (35).  The resulting calculation sheet is seen in Figure 7. 

 

Figure 7 Microsoft Excel calculation sheet for radiation towards floor 

 

Figure 8 Illustration of emitted radiation contributions with corresponding temperatures.  
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3.1.4. Adiabatic surface temperature on objects at floor level. 

A fourth sheet was created to calculate the adiabatic surface temperature on objects at the floor level. 

With the use of the radiation, calculated in the previously described sheet, the adiabatic surface 

temperature was calculated with Eq. (43) using the parameters given in Eq. (40), Eq. (41), Eq. (42), 

Eq. (44), Eq. (45), Eq. (46) and Eq. (47). The resulting calculation sheet is seen in Figure 9. 

 

Figure 9 Microsoft Excel calculation sheet for adiabatic surface temperature 
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3.2. Empirical background for reduced-scale test 

3.2.1. Reduced-scale test 

In order to validate the two-zone model calculation, the results were compared with a reduced-scale 

test data Sjöström J, Wickström U & Byström A (2016). The “A2” test was conducted in a 

rectangular room with walls, floors and ceiling of light-weight concrete. The light weight concrete 

had a density of 760 
𝐤𝐠

𝐦𝟑
, a specific heat of 850 

J

kg∗K
 and a thermal conductivity of 0,33 

𝐖

𝐦𝐊
. This 

correlates to a thermal inertia of 0,213*106 
𝑾𝟐𝒔

𝒎𝟒𝑲𝟐
. The source of heat release is a sand diffusion 

propane burner in the centre of the room with a constant heat release rate of 500 kW. The geometry is 

as presented in Figure 10.  

 

Figure 10 Geometry of the reduced-scale test room in the test "A2" (Sjöström, J et.al, 2016). 
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There was a lot of measuring equipment in the room but the one used for the validation of the two-

zone model was a thermocouple tree placed in the back and the plate thermometers on the floor, as 

seen in Figure 11. 

 

Figure 11 Thermocouple tree at the back of the room and plate thermometers at floor 

(Sjöström, J et.al, 2016). 
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3.2.2. Results of the reduced-scale test. 

The results of the thermocouple tree measurements of the reduced-scale test “A2” after 60 minutes is 

described in Figure 12. Thermocouples measured gas temperatures at different heights as shown in 

Figure 11. 

 

Figure 12 Temperature measured with thermocouples in the back of the room (Sjöström, J 

et.al, 2016). 

The results from the plate thermometers at floor level of the reduced-scale test “A2” after 60 minutes 

is described in Figure 11. The plate thermometers measured the adiabatic surface temperature as 

shown in Figure 13. 

 

Figure 13 Adiabatic surface temperature measured with plate thermometers (Sjöström, J et.al, 

2016). 
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3.3. Simulated garage fire scenario in FDS for comparison with two-zone model 

calculations  

A garage scenario was selected and analysed to investigate whether the two-zone model could predict 

the same values as an FDS-simulation. Based on the dimensions of the garage, the two-zone model 

was used to predict when the smoke gas layer will reach the critical level for smoke gas layer height 

above floor according to BBRAD, see Table 1. At that time (the critical time), temperatures of the 

smoke gas layer and ceiling surface, as well as the radiation and adiabatic surface temperatures 

against the floor and objects on the floor were calculated with the use of the earlier created excel 

document.  

3.3.1. Dimensions and materials of the garage. 

The garage dimensions chosen was 8 m wide, 16 m long and 4 m high. The walls, floors and ceiling 

were constructed in concrete and considered to be a semi-infinitely thick. Concrete with a density of 

2300 kg/m3 has a thermal inertia of 3,53*106 
𝑾𝟐𝒔

𝒎𝟒𝑲𝟐 (Wickström, 2016). There were four open garage 

ports that were 2 m high and 2 m wide. The garage is seen Figure 14. 

 

Figure 14 Garage in PyroSim with and without roof. 

3.3.2. Dimensioning fire. 

A reasonable fire in a garage is a bus so the dimensioning fire were defined as that. According to 

Särdquist(1993) a small fire on a bus has a peak heat release rate of 1500 kW. Eq. (38) gave a value 

that were outside the allowed span, recommended by BIV, when using 1500kW. To make sure that 

the FDS simulation would run smoothly the constant heat release rate was set to 2000 kW. The heat 

release rate was translated into a heat release rate per unit area (HRRPUA) 2000 kW/m2. The fire was 

represented using a cube with inert surfaces except for the upside which surface was the area 

producing the heat release rate as presented in Figure 14 above. This area does not correspond to a 
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real bus but since a burner with an instant and constant heat release rate was used the area does not 

affect the result. 

3.3.3. FDS and PyroSim. 

FDS was used as a comparison to the two-zone model. The same input data was used to predict the 

same parameters as the two-zone model. The input data needed was: the total boundary area, effective 

plume height, floor area, heat release rate, area of openings, thermal inertia of boundaries, emissivity 

of flame and boundaries, heat transfer coefficient for convection and standard properties of air 

(density, specific heat capacity etc.).  

 A three-dimensional model was created in PyroSim and the source of fire was specified and placed 

in the middle of the garage. To get a simulation similar to the two-zone model, the fire was specified 

to have a constant heat release rate just as in the two-zone model and the radiation angles were 

increased to 1000. The increase was needed to get more appropriate radiation measurements, due to 

the size of the garage.   

The diameter, relatively to the fire, was checked with these calculations:  

𝐷 = √
4𝐴

𝜋
= √

4∗1

𝜋
= 1,13 m 

𝑄∗ =
�̇�𝑐

𝜌∞𝑐𝑝𝑇∞√𝑔𝐷𝐷2= 
2∗106

1.2∗1050∗293,15∗√9,81∗2,26∗2,262 = 0,769 

Grid size control,  
𝐷∗

𝛿𝑥
 were supposed to be in between 10 and 20 so 15 is chosen below: 

𝐷∗ = (
𝑞�̇�

𝜌∞𝑐𝑝𝑇∞√𝑔
)

2
5 = (

2 ∗ 106

1.2 ∗ 1050 ∗ 293,15 ∗ √9,81
)

2
5 = 1,245 

𝐷∗

𝛿𝑥
= 15 =>

𝐷∗

15
= 𝛿𝑥 =

1,245

15
= 0,083 ≈ 0,1 

To minimize the simulation time, but still get adequate accuracy, the mesh (yellow area) was split up 

into three meshes and the recommended grid size, according to calculations above, is doubled in the 

two meshes that are not close to the fire. This is illustrated in Figure 15: 
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Figure 15 Model in PyroSim with mesh boundaries in yellow. 

Planar slice- and boundary surface measurements were placed in the three-dimensional model to 

simulate measurements. The parameters measured was the smoke gases temperature, the ceiling 

surface temperature, radiation against the floor and adiabatic surface temperatures of objects on the 

floor caused by the smoke gases and the ceiling. The FDS calculation ran for 100 hours to get 600 

seconds of output data. The measurements were examined to get the results. 

3.4. Method critique. 

The methodology illustrated by electrical circle analogy was used since it has been proven to predict 

fires very well. There are a range of methodologies to use in two-zone modelling. The electrical circle 

analogy was used in this study. The results obtained from this two-zone model are, however, very 

simplified and since it does not consider every parameter of a real fire. Compared to a CFD-

calculation it is very simplified, but the two-zone model saves a lot of time since it is faster. The 

question here is how much accuracy can be sacrificed to gain time. The fact that a fire is such a 

dynamic process, makes it hard to choose realistic input data and thereby the accuracy gained from 

CFD-calculations can give more false results than the two-zone model. 
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4. Results 

4.1. Calculation results of the two-zone model on the reduced-scale test. 

To validate the adiabatic surface temperature, ceiling surface- and smoke gas temperature 

measurements, the two-zone model was compared to the reduced-scale test “A2”. Adiabatic surface 

temperature, ceiling surface- and smoke gas temperatures, calculated with the two-zone model, were 

compared with measured temperatures in the reduced-scale test. It was assumed that the effective 

plume height was 1 meter since Wickström (2016) suggests this in calculation examples. 

Temperatures of the ceiling surface and the smoke gases, which were calculated with the two-zone 

model, are shown in Figure 16. The adiabatic surface temperature was appreciated to be 700 °C in the 

reduced-scale test by studding Figure 13. Using the two-zone model excel calculation procedure the 

adiabatic surface temperature was calculated to 635 °C. 

 

Figure 16 Ceiling and smoke gas temperature after one hour in the A2-test according to the 

two-zone model. 
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4.2. Results from garage fire scenario using two-zone model and FDS-simulation. 

4.2.1. Input data for the garage fire scenario 

Table 2 Constant input data parameters.  

h[m] ρ∞[
𝒌𝒈

𝒎𝟑] cp[
𝑱

𝒌𝒈∗𝑲
] T∞[K] Κ[-] kρc[

𝑾𝟐𝒔

𝒎𝟒𝑲𝟐] εs[-] εfl[-] hc[
𝒘

𝒎𝟐𝑲
] 

4 1.2 1150 293.15 0.6 3.53⋅106 0,9 0.35 3 

The floor area is calculated:  

𝐴𝑓𝑙 = 16 ∗ 8 = 128 𝑚2 

The area of the openings is: 

 𝐴𝑜 = 4(2 ∗ 2) = 16𝑚2 

The total area of the boundaries is: 

 𝐴𝑡 = (128 ∗ 2) + (2 ∗ 16 ∗ 4) + (2 ∗ 8 ∗ 4) − 16 = 432 𝑚2 

The critical level for the smoke gas layer is: 

ℎ𝑐𝑟 = 1.6 + (0.1 ∗ 4) = 2,0 𝑚 

The effective plume height is assumed to be the same percentage of the rooms height as in the 

validation which leads to: 

𝑧 =
1

1.8
∗ ℎ =

4

1.8
= 2,22 𝑚 
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4.2.2. Two-zone model results from garage scenario. 

With the use of the excel document and input data the results are: 

 

Figure 17  Calculated smoke gas layer height in the garage according to the two-zone model 

and the critical height according to BBRAD in orange. 

 

Figure 18  Calculated ceiling and smoke gas temperatures in the garage according to the two-

zone model. 
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The critical time is when the two lines in Figure 17 intercept each other. The radiation and adiabatic 

surface temperature were calculated, according to the formulas presented in the Smoke filling and 

radiation emitted against floor and Adiabatic surface temperature sections, in the Microsoft Excel 

sheet with the ceiling surface and smoke gas temperatures correlating to the critical time. This is 

summarized in in Table 3. 

Table 3  Two-zone calculations of the garage at the critical time. 

Critical time [s] 21 

Ceiling temperature [°C] 45 

Smoke gas temperature[°C] 214 

Radiation against the floor[W/m2] 2370 

Adiabatic surface temperature on objects on the floor[°C] 156 
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4.2.3. FDS results from garage scenario. 

The calculation of smoke gas layer height is done with a plane at 2 meters, which is the critical 

height, measuring gas temperatures. The black area is temperatures of 20 degrees as shown on the 

color scale in Figure 19. The blue indicates that smoke gases hotter than 20 degrees are leaking out at 

2-meter high openings, this shows that the smoke gas layer is at the critical height of 2 meters. This 

happens after 20 s, as seen in Figure 19. 

 

Figure 19  Image from Smokeview showing the smoke gas layer reaching the critical level. 
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The ceiling surface temperature distribution after 20 s when the smoke gas layer is at the critical level 

of 2 meters are shown below. The color scale shows the gradual temperature decrease, from the 

middle to the boundaries, as can be seen in Figure 20. 

 

Figure 20  Image from Smoke-view showing the ceiling temperature. 

The smoke gases temperature distribution after 20 s when the smoke gas layer is at the critical level 

of 2 meters can be seen below. The smoke gas temperatures gradual decrease, from fire to 

boundaries, are illustrated with the color scale in Figure 21. 
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Figure 21  Image from Smokeview showing the temperature of the smoke gases. 

The incident radiation distribution towards the floor after 20 s when the smoke gas layer is at the 

critical level of 2 meters can be seen below. The spreading of different heat radiation levels are 

illustrated with the color scale in Figure 22. 

 

Figure 22 Image from Smoke-view showing the heat radiation against the floor. 

The adiabatic surface temperature distribution after 20 s when the smoke gas layer is at the critical 

level of 2 meters can be seen below. The color scale seen in Figure 23 shows the expected adiabatic 

surface temperature over the area. 
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Figure 23 Adiabatic surface temperature on the floor boundary. 

Results from FDS are acquired by inspecting Figure 19, Figure 20, Figure 21, Figure 22 and Figure 

23 from Smokeview and approximating mean values of the measured parameters. The two-zone 

model and FDS results are summarized in Table 1.   

Table 4  Summarization of two-zone model and FDS results of the garage. 

Parameter Two-zone model FDS 

Critical time [s] 21 20 

Ceiling temperature [°C] 45 30 

Smoke gas temperature [°C] 214 200 

Radiation against the floor [W/m2] 2370 2000 

Adiabatic surface temperature on objects on the floor [°C] 156 160 
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5. Analysis 

5.1. Comments on the two-zone model calculation of the reduced-scale test  

The two-zone model calculated the temperatures of the A2 test, via comparison to a mean value of 

the measured ceiling and smoke gas temperatures in the reduced-scale test, using an effective plume 

height of 1 m. As shown in Figure 24, the calculated ceiling temperature is lower, about 100 °C at 

most, than the gas temperatures close to the ceiling measured by the thermocouple, to represent the 

ceiling surface temperature, of the reduced-scale test. On the contrary, the curve of the ceiling surface 

temperature is very similar to the thermocouples curve. This suggests that a lower effective plume 

height would have given a higher and more accurate ceiling temperature since it is the most sensitive 

parameter. 

 

Figure 24 Comparison of ceiling surface temperatures obtained from the two-zone model and 

the thermocouple from the reduced-scale test “A2”. 
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Temperatures measured on heights below one meter, presented in Figure 12, were deemed not be 

included in the smoke gas layer and thereby excluded in the mean value described in Figure 25. This 

since there is a clear gap between the third and fourth measurement from the floor in Figure 12. This 

strengthens the assumption that the lower measurements are not part of the smoke gas layer. Apart 

from the ceiling surface temperatures, presented in Figure 24, the smoke gas temperature calculated 

with the two-zone model was much more accurate as seen in Figure 25. The temperature only differs 

with 50-100 °C at most and the curves are even more similar. Just as with ceiling temperatures, it 

would be fitting to choose a lower effective plume height to get more accurate results.  

 

Figure 25 Comparison of the smoke gas temperatures calculated with the two-zone model and 

measured in the reduced-scale test. 

The adiabatic surface temperature gave similar results. The reduced-scale test measured 700 °C and 

the two-zone model calculation gave 635 °C. As mentioned above the effective plume height should 

be adjusted and higher ceiling surface – and smoke gas temperatures would give higher adiabatic 

surface temperatures. 
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5.2. Sensitivity and accuracy analysis of the two-zone model 

During the early stages of calculation tests of the two-zone model it became clear that it was highly 

dependent on the choice of the effective plume height. The temperatures can change a lot if the 

effective plume height is changed. When the two-zone-models ceiling surface- and smoke gas 

temperatures were validated against the “A2” test it gave a great curve but the peak temperatures 

where about 100 degrees lower.  By changing the plume height in “A2” test and recalculating the 

smoke gas- and ceiling surface temperatures, the variation of the temperatures becomes, as shown in 

Figure 26 and Figure 27. 

 

Figure 26  Smoke gas temperature variation with different effective plume heights. 
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Figure 27  Ceiling temperature variation with different effective plume heights. 

Figure 26 shows that the smoke gas temperatures are dependent on the effective plume height as the 

difference increases over time. The same thing can be seen in Figure 27 but with ceiling temperature 

instead of smoke gas temperature. In the two-zone calculation of the reduced-scale test the effective 

plume height was assumed to be 1 meter. By analysing Figure 26 and Figure 27 it becomes clear that 

an effective plume height of 0,9 m (60 % of the door height) would have given adequate results as the 

results from the reduced-scale test shown in Figure 25 and Figure 24. This shows the importance of 

choosing the right effective plume height and its sensitivity. It is thereby recommended to choose 

effective plume heights with a sensitivity of a least 0,1 m. 
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5.3. Comparison between the FDS-simulation and the two-zone calculation. 

5.3.1. The critical time. 

Both the two-zone model and the FDS simulation predicted the same critical time. Which was 20 s. 

The short time is due to the fact that the heat release rate is assumed relatively high and constant 

starting at the initial time. This is of course not reasonable in a real fire where there is a growth face. 

5.3.2. Ceiling surface temperature. 

If the values calculated in the two-zone model are used as boundaries in Smokeview it shows large 

areas in black where the ceiling temperature is uniform. Large areas around the black, in green, also 

lies in reasonable temperature ranges. Therefore, these can be used as an estimate of the mean value 

that the two-zone model represents unlike the precise result from FDS shown in Smokeview. Since 

such a large area are within reasonable temperature ranges it strengthens that the results from the two-

zone model is an appropriate approach to the thermal exposure. This is illustrated in Figure 28. 

 

Figure 28  Image from Smokeview where the black areas are the same temperature as the 

two-zone model predicted. 

 

 



39 

 

5.3.3. Smoke gas temperature 

If the values calculated in the two-zone model are used as boundaries in Smokeview, as seen in 

Figure 29, it shows areas in black where the gas temperature is the same as in the two-zone 

calculation. Large areas, in teal and green, close to the black line also lie within reasonable 

temperature ranges. Therefore, these can be used as an estimate of the mean value that the two-zone 

model represents, unlike the precise result from FDS shown in Smokeview. This shows that a large 

part of the smoke gas temperatures calculated with the two-zone model are the same as the FDS-

simulation. This is illustrated in Figure 29.  

 

Figure 29  Image from Smokeview where the areas in black are the same temperature that 

the two-zone model predicted. 
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5.3.4. Radiation towards floor 

If the values calculated in the two-zone model is used as boundaries in Smokeview, as seen in Figure 

30, it shows areas in black where the radiation is the same as in the two-zone calculation. Large areas, 

in green, next to the black are within reasonable radiation ranges. Therefore, these can be used as an 

estimate of the mean value that the two-zone model represents, unlike the precise result from FDS 

shown in Smokeview. This indicates that the calculated radiation against the floor is pretty much the 

same as in the FDS-simulation. This is illustrated in Figure 30. 

 

Figure 30  Image from Smokeview using the predicted radiation from the two-zone model as 

a boundary. 
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5.3.5. Adiabatic surface temperature 

If the values calculated in the two-zone model is used as boundaries in Smokeview, as seen in Figure 

31, it shows large areas in black where the adiabatic surface temperature is the same as in the two-

zone calculation. There are areas next to the boundary that are within reasonable temperature ranges. 

Therefore, these can be used as an estimate of the mean value that the two-zone model represents 

unlike the precise FDS result shown in Smokeview. This indicates that the results from the two-zone 

model are the same as the FDS-simulation. This is illustrated in Figure 31.  

 

Figure 31  Image from Smoke-view using the predicted adiabatic surface temperature from 

the two-zone model as a boundary. 
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6. Discussion 

In the garage fire scenario, the main focus was to test if the results from the two-zone model would 

give similar results as an FDS simulation with the focus on predicting critical times according to 

BBRAD as given in Table 1. As seen in chapter 5.3 and Table 4, large areas in the FDS simulation 

had the same results as the two-zone model predicted and very large areas were very close to the two-

zone models results. Since large areas in the FDS simulation is within reasonable ranges of the 

parameters calculated by the two-zone model it is plausible that the two-zone model is an efficient 

alternative to FDS in some design situations. This is a valuable insight since FDS is the most 

common software to use when calculating these parameters. 

The two-zone model has, however, a limitation as it is presented in this work assumes a constant heat 

release rate. In the reduced-scale test a sand diffusion propane burner was used, which had a constant 

heat release rate. However, in a real fire the heat release rate would change with time since there is a 

natural growth face in real fires. The FDS simulation was set up to be similar to the two-zone model.  

The two-zone model predicted the temperatures that differed a bit from those of the reduced-scale 

test. The sensitivity analysis of the effective plume height showed that if a lower plume height would 

have been used a higher temperature would have been predicted and thereby give a result more 

similar to the two-zone model. 

The effective plume height is a very illusive concept. The effective plume height can differ a lot from 

case to case and are not to be confused with the height of the flames. As shown in Figure 26 and 

Figure 27, the resulting temperatures differs a lot with different assumed plume heights. To make sure 

that the two-zone model calculates accurate temperatures a clear description of how to either estimate 

or calculate the effective plume height are needed. In this thesis the effective plume height was 

determined by using the same height as in calculation examples presented by Wickström (2016). The 

effective plume height of the garage fire scenario was then determined by using the same percentage 

of the height that the effective plume height corresponded to. The methodology with percentage gave 

modest results as shown in Figure 17 and Figure 18. Clearly, another methodology would have been 

better. The sensitivity analysis of the two-zone model showed that an effective plume height 

representing 60% of the opening height to the enclosure gave even more accurate results. It is 

possible that an approach using 60% of the opening height as the effective plume height could be a 

good approximation. 
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The smoke filling calculation of the two-zone model is a bit conservative. It uses a constant heat 

release rate, constant smoke filling velocity and uses a plume height correlating to the height of the 

geometry. This gives a very fast smoke filling of the compartment which is a bit unrealistic since a 

fire often has a growth face which results in a lower heat release rate at the start of the fire and 

thereby a slower smoke filling. To get a more realistic smoke filling model it would be best to use a 

varying heat release and smoke filling velocity. 

6.1. Conclusions  

When investigating the evacuation safety as a fire safety engineer, FDS is often the first choice to 

analyse the critical levels of radiation, temperature and toxicity presented in Table 1. The two-zone 

model is a time saving alternative to calculate the thermal exposure of these parameters. The 

calculation of garage fire scenario by FDS took approximately 100 hours to complete while the two-

zone model calculation were done in less than 15 minutes. FDS requires a lot of input data and that is 

the main thing causing the long calculation time, the two-zone model does not require the same 

amount. Sometimes, however, less is more. Using less but more accurate input data leads to similar 

results as seen in this thesis. 

Still, to use the two-zone model as an alternative tool to FDS while investigating evacuation safety, 

all parameters in Table 1 have to be calculated with greater accuracy. As for now, calculations of 

toxicity and visibility are missing in the two-zone model calculation. Anyhow, this two-zone model 

can be used as a first approximation to anticipate the thermal exposure in a pre-flashover fire to save 

a lot of time. 

6.2. Further work 

The two-zone model has some features that have to be further investigated to make it calculate a more 

accurate thermal exposure onto objects at the floor level. A more complete evacuation safety 

calculation tool additional features are desired. One is easily obtained by changing the smoke filling 

equation Eq. (29) to allow for heat release rates to change over time: 

𝜍 = ∑
∆𝑡𝑖

𝐴𝑓𝑙∗𝜌∞
(𝛼1 ∗ �̇�

𝑐,𝑖

1

3 ∗ 𝑧
5

3 +
�̇�𝑐,𝑖

𝑇∞+𝑐𝑝
)𝑖      (51) 

where 𝜍 is the distance from the ceiling, �̇�𝑐,𝑖 the heat release rate and ∆𝑡𝑖 the time increment at time 

increment i. This would give a varying smoke filling velocity depending on the heat release rate 

changing with time. It would, however, also require that the temperature calculations must be done 
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with a Duhamel superposition technique as the fictitious heat transfer coefficient 
𝛼1𝑞𝑐

1
3𝑧

5
3𝑐𝑝

𝐴𝑡
 according 

to Eq. (11) then would not any longer be constant. 

Below follow some other minor examples of further work: 

- More comparisons of the two-zone model and with reduced-scale tests. 

- Effective plume height investigation, mainly how to estimate/calculate it. 

- Replace the constant heat release rate with a fire curve or similar to make it more realistic as shown 

by Eq. (51). 

- Include calculations of toxicity in the model. The concentrations of CO, CO2 and O2 are not 

calculated in this thesis. 

- Include calculations of visibility in the model. 

- Make a user-friendly calculation tool available for consultants, e.g. as an MS-excel application. 
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Appendices  

Appendix 1 

garage.fds 

Generated by PyroSim - Version 2012.1.0605 

2016-jul-04 14:48:30 

 

&HEAD CHID='garage'/ 

&TIME T_END=1000.0, WALL_INCREMENT=1/ 

&DUMP RENDER_FILE='garage.ge1', DT_RESTART=500.0/ 

&RADI NUMBER_RADIATION_ANGLES=1000/ 

 

&MESH ID='FIRE', IJK=40,100,50, XB=7.0,11.0,0.0,10.0,0.0,5.0/ 

&MESH ID='SPACE1', IJK=35,50,25, XB=0.0,7.0,0.0,10.0,0.0,5.0/ 

&MESH ID='SPACE2', IJK=35,50,25, XB=11.0,18.0,0.0,10.0,0.0,5.0/ 

 

&MATL ID='CONCRETE', 

      FYI='NBSIR 88-3752 - ATF NIST Multi-Floor Validation', 

      SPECIFIC_HEAT=1.04, 

      CONDUCTIVITY=1.8, 

      DENSITY=2280.0, 

      EMISSIVITY=0.8/ 

 



 

 

&SURF ID='Concrete', 

      COLOR='GRAY 80', 

      MATL_ID(1,1)='CONCRETE', 

      MATL_MASS_FRACTION(1,1)=1.0, 

      THICKNESS(1)=0.4/ 

&SURF ID='FIRE', 

      COLOR='RED', 

      HRRPUA=2000.0/ 

 

&OBST XB=8.5,9.5,4.5,5.5,0.0,0.5, SURF_ID='INERT'/ Obstruction 

&OBST XB=1.0,17.0,1.0,9.0,4.0,4.4, SURF_ID='Concrete'/ Obstruction 

&OBST XB=7.0,11.0,1.0,1.4,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

&OBST XB=7.0,11.0,8.6,9.0,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

&OBST XB=1.0,1.4,1.4,8.6,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

&OBST XB=1.0,7.0,1.0,1.4,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

&OBST XB=1.0,7.0,8.6,9.0,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

&OBST XB=11.0,17.0,1.0,1.4,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

&OBST XB=11.0,17.0,8.6,9.0,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

&OBST XB=16.6,17.0,1.4,8.6,0.0,4.0, SURF_ID='Concrete'/ Obstruction 

 

&HOLE XB=4.0,6.0,1.0,1.4,0.0,2.0/ Hole 

&HOLE XB=12.0,14.0,1.0,1.4,0.0,2.0/ Hole[1] 

&HOLE XB=4.0,6.0,8.6,9.0,0.0,2.0/ Hole[1] 



 

 

&HOLE XB=12.0,14.0,8.6,9.0,0.0,2.0/ Hole[1][1] 

 

&VENT SURF_ID='OPEN', XB=7.0,11.0,10.0,10.0,0.0,5.0/ Mesh Vent: FIRE [YMAX] 

&VENT SURF_ID='OPEN', XB=7.0,11.0,0.0,0.0,0.0,5.0/ Mesh Vent: FIRE [YMIN] 

&VENT SURF_ID='OPEN', XB=7.0,11.0,0.0,10.0,5.0,5.0/ Mesh Vent: FIRE [ZMAX] 

&VENT SURF_ID='Concrete', XB=7.0,11.0,0.0,10.0,0.0,0.0/ Mesh Vent: FIRE [ZMIN] 

&VENT SURF_ID='OPEN', XB=0.0,0.0,0.0,10.0,0.0,5.0/ Mesh Vent: SPACE1 [XMIN] 

&VENT SURF_ID='OPEN', XB=0.0,7.0,10.0,10.0,0.0,5.0/ Mesh Vent: SPACE1 [YMAX] 

&VENT SURF_ID='OPEN', XB=0.0,7.0,0.0,0.0,0.0,5.0/ Mesh Vent: SPACE1 [YMIN] 

&VENT SURF_ID='OPEN', XB=0.0,7.0,0.0,10.0,5.0,5.0/ Mesh Vent: SPACE1 [ZMAX] 

&VENT SURF_ID='Concrete', XB=0.0,7.0,0.0,10.0,0.0,0.0/ Mesh Vent: SPACE1 [ZMIN] 

&VENT SURF_ID='OPEN', XB=18.0,18.0,0.0,10.0,0.0,5.0/ Mesh Vent: SPACE2 [XMAX] 

&VENT SURF_ID='OPEN', XB=11.0,18.0,10.0,10.0,0.0,5.0/ Mesh Vent: SPACE2 [YMAX] 

&VENT SURF_ID='OPEN', XB=11.0,18.0,0.0,0.0,0.0,5.0/ Mesh Vent: SPACE2 [YMIN] 

&VENT SURF_ID='OPEN', XB=11.0,18.0,0.0,10.0,5.0,5.0/ Mesh Vent: SPACE2 [ZMAX] 

&VENT SURF_ID='Concrete', XB=11.0,18.0,0.0,10.0,0.0,0.0/ Mesh Vent: SPACE2 [ZMIN] 

&VENT SURF_ID='FIRE', XB=8.5,9.5,4.5,5.5,0.5,0.5/ Vent 

 

&BNDF QUANTITY='ADIABATIC SURFACE TEMPERATURE'/ 

&BNDF QUANTITY='NET HEAT FLUX'/ 

&BNDF QUANTITY='INCIDENT HEAT FLUX'/ 

&BNDF QUANTITY='RADIATIVE HEAT FLUX'/ 

&BNDF QUANTITY='WALL TEMPERATURE'/ 



 

 

 

&SLCF QUANTITY='TEMPERATURE', PBY=5.0/ 

&SLCF QUANTITY='TEMPERATURE', PBX=9.0/ 

&SLCF QUANTITY='TEMPERATURE', PBZ=2.0/ 

&SLCF QUANTITY='TEMPERATURE', PBZ=3.95/ 

 

 

&MISC RESTART=.FALSE. / 

 

&TAIL / 

 

 

 


