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Abstract 

There are several methods of calculating temperature of steel exposed to fire. There are simple 

calculation methods, used in for example the Eurocodes. There are also more advanced methods used 

together with computer codes. These calculation methods can be used to predict temperatures and can 

be used side by side with more experimental analyses like testing and classification of a structural 

element. 

It can be important to be able to calculate steel temperatures in a very exact way in the fire safety 

design of buildings and structures. There are a lot of money to spend if the calculations can be more 

exact and accurate. 

Fire is a highly dynamic phenomenon and many parameters have significant influence of the result. It 

is important to be able to predict the temperature development in the fire compartment or the 

localised fire. It is also important to be able to understand the heat transfer from the fire to the 

structure. The fire and the temperature is often varying with time and this is also the case with the 

material properties. They are highly temperature dependent which makes it a challenging effort to 

predict temperatures. 

In this thesis the computer code TASEF is used to calculate steel temperatures when exposed to a 

localised fire. The structure of interest is a bare open steel section where the fire engulfs the whole 

structure. The thesis describes a way of calculating the temperatures from a localised fire. When 

dealing with flames and smoke from this type of fire it is relevant to separate the gas and radiation 

temperature because they are not equal. It is also relevant to model with the effects of the fire 

emissivity that is less than 1 as the flames are of limited depth.  

A model is built to see where the so called shadow effect is taken into consideration. This is 

performed with a virtual shadow cover between the flanges of the I-profile building a sort of closed 

void. The virtual shadow covers purpose is to be a surface which is what the inner surfaces of the 

steel profile sees from the surroundings. 

The calculations with the TASEF model shows considerably lower steel temperatures when 

comparing with calculations corresponding to the Eurocode method as the effects of a reduced flame 

emissivity is considered. The calculations also show that the convective heat transfer coefficient 

affects the final steel temperature. 
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Sammanfattning 

Det finns flertalet metoder för att beräkna temperaturer i stål utsatt för brand. Det finns förenklade 

beräkningsmetoder som används i till exempel klassificeringssystem såsom Eurokoderna. Det 

finns också mer avancerade metoder som används tillsammans med datorprogram. Dessa 

beräkningsmetoder kan användas för att förutsäga temperaturer och kan användas vid sidan av 

experimentella analyser såsom provning och klassificering av konstruktionsdel. 

Det kan vara betydelsefullt att ha möjligheten att beräkna ståltemperaturer på ett exakt sätt inom 

brandskyddsprojektering av byggnader och konstruktioner. Det finns mycket pengar att spara om 

beräkningar kan göras mer exakta och noggranna. 

Brand är ett högst dynamiskt fenomen och det är många parametrar som har signifikant inverkan 

på resultatet. Det är viktigt att kunna ha möjligheten att förutse temperaturutvecklingen i en 

brandcell eller för den lokala branden. Det är också viktigt att förstå hur värmeöverföringen sker 

mellan en brand och konstruktionen. Branden och dess temperatur varierar ofta över tid och det 

gör också materialegenskaperna. De är högst temperaturberoende vilket gör att det är en 

utmanande uppgift att förutse temperaturer. 

I det här arbetet har datorprogrammet TASEF använts för att beräkna temperaturer i stål som är 

utsatt för en lokal brand. Konstruktionen som är av intresse är en oskyddad I-profil där branden 

omsluter hela profilen. Arbetet visar ett sätt att beräkna temperaturerna från en lokal brand. När 

man handskas med flammor och rök från denna typ av brand är det relevant att skilja på gas- och 

strålningstemperaturen därför de inte är lika. Det är också relevant att modellera med och titta på 

effekterna av att brandens emissivitet är skiljt ifrån 1. 

En modell är skapad för att se om den så kallade skuggeffekten kan tas i beaktning i beräkningen. 

Det utförs med ett virtuellt skuggskydd mellan I-profilens flänsar vilket bildar ett sorts stängt 

hålrum. Syftet med det virtuella skuggskyddet är att vara en yta vilket är precis det som 

stålprofilens innerytor ser av omgivningen. 

Beräkningar med TASEF-modellen visar lägre ståltemperaturer vid en jämförelse med 

beräkningar enligt Eurokodmetoden, detta som en effekt av en reducerad flamemissivitet. 

Beräkningarna visar också att den konvektiva värmeövergångskoefficienten inverkar den 

slutgiltiga ståltemperaturen.   
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Nomenclature list 

Latin upper case letter 

𝑃𝑟 Prandtl number 

𝑁𝑢 Nusselt number 

𝑅𝑒 Reynold´s number 

𝐷 Diameter [m] 

𝑇 Temperature [K or °C] 

𝑅 Resistance 

𝐻 Height over floor level [m] or heat of combustion 

�̇� Heat release rate [MW] 

𝐾 Absorption/emission coefficient [m-1] 

𝐿 Depth of flame [m] 

�̇�˝ Heat Flux [W/m2] 

�̇�𝑓
˝  Fire load density [MJ/m2]  

Latin lower case letter 

ℎ Heat transfer coefficient [W/m2K] 

𝑢 Velocity [m/s] 

�̇� Mass lost rate [kg/s] 

𝑥 Distance [m] 

𝑒 Specific volumetric enthalpy [MJ/m3] 

Greek 

𝛼 Absorptivity 

𝜎 Stefan-Boltzmann Constant [5.67∙10-8 W/m2K4] 

휀 Emmisivity [-] 

𝑘 Conductivity [W/mK] 

𝜌 Density [kg/m3] 

𝑐 Specific heat [J/kgK] 

𝛿 Thickness [m] 
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𝜈 Kinematic viscosity [m2/s] 

𝜂 Constant in McCaffrey Plume equation 

𝜅 Constant in McCaffrey Plume equation 

𝜒 Combustion efficiency [-] 

∅ View factor [-] 

Subscript 

𝑎𝑏𝑠 Absorbed 

𝑒𝑚𝑖 Emmitted 

𝑖𝑛𝑐 Incident 

𝑟𝑎𝑑 Radiation 

𝑐𝑜𝑛 Convection 

𝑡𝑜𝑡 Total 

𝑔 Gas 

𝑓 Fire 

𝑠 Surface 

𝑟 Radiative temperature or heat transfer coefficient 

𝑐 Convective heat transfer coefficient or combustion 

𝑓𝑙 Flame 

𝑟, ∞ Radiative temperature from ambient air 

𝑟, 𝑓𝑙 Radiative temperature from flame 

𝑟, 𝑡𝑜𝑡 Total radiative temperature 

𝑥 Distance from edge 

∗ Modified 

𝑚𝑎𝑥 Maximum 

𝑓𝑖𝑙𝑚 Film 

𝛾 Convection power 

∞ Free-stream conditions or ambient
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1 Introduction 
 

1.1 Background 
In 2011 the previous chapter regulating the structural load resistance in the Boverket Building 

Regulations BBR and the design regulations BKR was taken into the application of the 

European constructions standards EKS (Fallqvist, et al., 2014). The EKS is an adaptation to 

the European design standards Eurocodes and a document containing regulations, general 

advices and national choices (Boverket, 2015). The EKS is used besides the BBR when 

projecting new buildings. In fire safety design in Sweden the planning can be done as 

simplified or analytical dimensioning. The latter gives the planner opportunity to, with the 

help of for example advanced calculations or qualitative decisions, make other solutions that 

fulfil the basic requirements than those solutions recommended in the simplified 

dimensioning. 

In the Eurocodes and the EKS there are regulations and general advices of how to calculate 

the thermal exposure of different construction materials or structures. The Eurocodes presents 

different models to predict the fire actions that affects the construction that is divided into 

nominal and natural temperature-time curves.  

The Eurocodes also presents rules and requirements to calculate the thermal response in an 

unprotected steel structure. There are simple equations were the temperature distribution are 

assumed uniform over the cross section. There are also an opportunity to use more advanced 

methods such as computer codes. 

There are several computer codes developed to facilitate the calculation of the temperature 

development. The codes is generally based on the finite element method (Wickström, 2014). 

One is the FEM-program TASEF that can analyse temperature in structures in two 

dimensions. The program can handle temperature dependent material properties and make 

calculations handling two or more materials interacting (Sterner & Wickström, 1990).  

In a localised fire it is the flames and the smoke particles that absorb and emit heat radiation. 

This is important to know when calculating the heat transfer to a surface. The gas and 

radiation temperature is in general not equal. The radiation temperature are defined by the 

incident radiation and can be calculated with the fourth square root of incident radiation over 

the Stefan-Boltzmann Constant(𝑇𝑟𝑎𝑑 = √
�̇�𝑖𝑛𝑐

𝜎

4
).  To make accurate calculations of the 

temperature development of a structure it can therefore be important to take this fact into 

account.   

1.2 Purpose 
The purpose of this work is to express the thermal exposure of a steel structure affected by the 

flames from a localised fire. The purpose is also to create a model in the FEM-program 
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TASEF that calculates the heat transfer to an I-profile, taking important parameters of the 

flame and the profile into consideration so that the physical phenomena of the heat transfer is 

described accurate. 

 

1.3 Objective 
The main objective is to present a calculation model in TASEF based on the general heat 

transfer between a localised fire and a steel structure. The objective is to find the important 

parameters that can affect both the thermal environment (for example the parameters of a 

localised fire) and the thermal action of the structure (for example geometry or presence of 

smoke layer). 

Questions to be answered: 

What factors and parameter are of importance when calculating the heat transfer to a steel 

structure exposed to a localised fire? 

How should the thermal exposure from a localised fire be treated when using a computer code 

program to facilitate temperature development calculations in a steel I-profile? 
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2 Theory 
 

2.1 Design fires 
According to Eurocode (EN 1991-1-2, 2002) there are two types of fire scenarios to use for 

calculating the effect of thermal exposure, nominal and natural temperature-time curves. The 

first is often referred as the standard temperature-time curves (ISO 834 or EN 1363). There 

are also curves like the hydrocarbon curve that are given in standards. They are used as a 

standard temperature development in furnace testing to measure and test building/construction 

material. The natural fire model contains calculations based on specific physical parameters to 

develop a realistic fire scenario. For a post-flashover fire according to a fully developed fire 

the so called parametric fire model, which depends on the fire load density and the openings, 

can be adopted. For a fire that does not reach flashover the calculations can be based on the 

localised fire. Also more advanced models can be adopted, using for example Computational 

Fluid Dynamic (CFD), to predict the temperature-time curves. 

2.1.1 Standard temperature-time curve 
As mentioned above, standard time-temperature curve is used for standardization and 

classification of products in furnace testing. Also determination of time to structural collapse 

can be calculated, when using the standard “ISO 834” curve as (Karlsson, 2000)   

𝑇𝑔 = 20 + 345𝑙𝑜𝑔10(8𝑡 + 1)  (1) 

where 𝑡 is in minutes and the temperature is in °C.  

2.1.2 Parametric fire curve 
The parametric fire curve is a natural fire model to estimate the temperature-time curve in a 

fully developed fire. The curves are based on the work done by Magnusson and 

Thelandersson and later simplified by Wickström (Wickström, 2014). The basic principle for 

estimating the time-temperature is according appendix A in Eurocode (EN 1991-1-2, 2002) 

𝜃𝑔 = 20 + 1325(1 − 0,324𝑒−0,2𝑡∗
− 0,204𝑒−1,7𝑡∗

− 0,472𝑒−19𝑡∗
)  (2) 

where the modified time 𝑡∗ is given by the product of time in hours and the gamma factor as 

𝑡∗ = 𝑡𝛤    (3) 

The gamma factor 𝛤 is the parameter to define the enclosure specifics that is the openings and 

surrounding materials. The gamma factor is defined as  

𝛤 =

𝐴𝑜√ℎ𝑜
𝐴𝑡𝑜𝑡

⁄

√𝑘𝜌𝑐
0.04

1160

   (4) 

The numerator describes the opening factor over the enclosures surrounding material 

properties. When the gamma factor yields 𝛤 = 1 the time-temperature curve follows the fire 
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development of the ISO 834 curve. The burning rate is assumed to be proportional to the 

amount of air being available in the fire compartment means the fire duration 𝑡𝑚𝑎𝑥 is 

proportional to the fire load density 𝑞𝑓
˝  and the inverse of the opening factor as (Wickström, 

2014) 

𝑡𝑚𝑎𝑥 = 0.2 ∗ 10−3 𝑞𝑓
˝ 𝐴𝑡𝑜𝑡

𝐴𝑜√ℎ𝑜
   (5) 

The modified fire duration time is given by 

𝑡𝑚𝑎𝑥
∗ = 𝛤𝑡𝑚𝑎𝑥   (6) 

and the maximal temperature 𝑇𝑚𝑎𝑥 during the heating phase occurs when 𝑡∗ = 𝑡𝑚𝑎𝑥
∗ . The 

cooling phase can be derived by simple linear time temperature relations see appendix A 

Eurocode (EN 1991-1-2, 2002).  

2.1.3 Localised fire 
The localised fire model is based on the Heskestad plume equations which is analytical 

solutions derived from the ideal plume see Figure 1. 

 
FIGURE 1 THE IDEAL PLUME (KARLSSON, 2000). 

 An assumption made in the equations is the virtual origin (𝑧0) that depends on the diameter 

(𝐷) and the heat release rate (𝑄) as 

𝑧0 = −1,02𝐷 + 0,00524𝑄2/5
  (7) 

The calculation of the plume temperature is also depending on the flame height, whether the 

flame reaches the ceiling or not. The flame height is derived from 
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𝐿𝑓 = −1,02𝐷 + 0,0148𝑄2/5  (8) 

and if 𝐿𝑓 < 𝐻, the centerline plume temperature can be derived from 

𝜃𝑧 = 20 + 0,25𝑄𝑐
2/3(𝑧 − 𝑧0)−5/3  (9) 

where 𝑄𝑐 is the convective part of the heat release rate as 𝑄𝑐 = 0,8𝑄. Then it is possible to 

make calculations of the plume temperature at height of interest. Calculations of the plume 

temperature when 𝐿𝑓 > 𝐻 can be seen in appendix C in Eurocode (EN 1991-1-2, 2002). 

2.2 Heat transfer 
 

In fire safety engineering and when calculating the heat transfer to a surface the temperature is 

often assumed to be the fire temperature (𝑇𝑓) which would be the same as the radiation and 

gas temperature as  

𝑇𝑟 = 𝑇𝑔 = 𝑇𝑓    (10) 

 

This can be the case when observing a post-flashover compartment fire. When flashover 

occurs, the whole room involves the fire and we can say the room temperature is uniform over 

the whole volume and the total heat transfer to exposed surfaces can be calculated as 

�̇�𝑡𝑜𝑡
˝ = 휀𝑠𝜎(𝑇𝑓

4 − 𝑇𝑠
4) + ℎ𝑐(𝑇𝑓 − 𝑇𝑠)  (11) 

where 𝑇𝑠 is the exposed surface temperature. Hence the heat transfer from a flame the surface 

is assumed to be affected by both radiation and convection. This is called mixed boundary 

conditions and involves both radiation and gas temperature, which are in general not equal.  

2.2.1 Radiation 
The thermal radiation is the transfer of heat by electromagnetic waves. The heat transfer by 

radiation of a surface is dependent on the difference of the absorbed and the emitted radiation 

as 

�̇�𝑟𝑎𝑑
˝ = �̇�𝑎𝑏𝑠

˝ − �̇�𝑒𝑚𝑖
˝    (12) 

According to the Stefan-Boltzmann law for emitted radiation and assuming the absorptivity is 

equal the surface emissivity according to Kirchoff´s law, the heat transfer by radiation can be 

expressed with 

�̇�𝑟𝑎𝑑
˝ = 휀𝑠�̇�𝑖𝑛𝑐

˝ − 휀𝑠𝜎𝑇𝑠
4   (13) 

The incident radiation is defined as a function of the radiation temperature as 

�̇�𝑖𝑛𝑐
˝ ≡ 𝜎𝑇𝑟

4    (14) 
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The heat transfer by radiation can be expressed with the difference between the radiation and 

surface temperature as  

�̇�𝑟𝑎𝑑
˝ = 휀𝑠𝜎(𝑇𝑟

4 − 𝑇𝑠
4)   (15) 

Note that the heat transfer by radiation is dependent on the difference between the two 

individual body temperatures to the fourth power. That means the radiation will dominate 

over the convection at high temperatures that often is the case in fires. The convection is 

dependent on temperature differences between the gas and surface temperatures to the first 

power as showed in the next section. 

2.2.1.1 Radiation from sooty flames 

In smoke and flames the soot particles and combustion products emit and absorbs heat by 

radiation. The emissivity and absorptivity are equal according the Kirchhoff’s law. For gas 

masses and flames the emissivity and absorptivity depend on the absorption/emission 

coefficient 𝐾 and the depth of the flame 𝐿. In fire safety engineering the absorption/emission 

coefficient can be treated as independent of wavelength and therefor fuel dependent. The 

coefficient is available in the literature from a few empirical data (Wickström, 2014). The 

emissivity from a flame can be calculated from 

휀𝑓𝑙 = 1 − 𝑒−𝐾𝐿   (16)  

Thus the emitted radiative heat from a flame can be calculated using 

�̇�𝑒𝑚𝑖
˝ = (1 − 𝑒−𝐾𝐿)𝜎𝑇𝑓𝑙

4   (17) 

2.2.2 Convection 
The convection heat transfer is a sort of conduction heat transfer in a moving fluid to a surface 

(Karlsson, 2000), that forms a boundary layer dependent on the surface and the flowing gas 

temperature. In case of natural convection the temperature difference drives the convection 

(or flow). When the gas is driven by a fan or something not related to the temperature 

difference it is called forced convection. Both natural and forced convection in many cases in 

fire scenarios occurs in combination (Wickström, 2014). Generally the heat transfer due to 

convection can be derived from the Newton’s law of cooling as 

�̇�𝑐𝑜𝑛
˝ = 𝛽(𝑇𝑔 − 𝑇𝑠)

𝛾
   (18) 

The convective heat transfer is often assumed to be directly proportional to the temperature 

difference (i.e. 𝛾 = 1) and the heat transfer by convection can then be calculated from 

�̇�𝑐𝑜𝑛
˝ = ℎ𝑐(𝑇𝑔 − 𝑇𝑠)   (19) 

where ℎ𝑐 is the convective heat transfer coefficient (Wickström, 2014). It is sometimes called 

the filmed conductance due to the relation to the conduction process in the thin stationary 

layer of fluid at the wall surface. This coefficient is dependent of the temperature gradient at 

the wall and specific parameters of the boundary layer such as thickness, velocity, thermal 
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conductivity and kinematic viscosity (Holman, 2002; Wickström, 2014). This is further 

explained in section 2.2.4.  

2.2.3 Total heat transfer 
By combining the contribution of the radiative and convective heat transfer to the total heat 

transfer to a surface as 

�̇�𝑡𝑜𝑡
˝ = �̇�𝑟𝑎𝑑

˝ + �̇�𝑐𝑜𝑛
˝    (20) 

gives with equation (15) and (19) 

�̇�𝑡𝑜𝑡
˝ = 휀𝑠𝜎(𝑇𝑟

4 − 𝑇𝑠
4) + ℎ𝑐(𝑇𝑔 − 𝑇𝑠)  (21) 

The total heat transfer equation is dependent of the radiation and gas temperature and is 

referred to the third kind of boundary condition called mixed boundary condition.  

2.2.4 Convective heat transfer coefficient 
As shown in section 2.2.3 and equation (21) the total heat flux to a surface is dependent of the 

convective heat transfer coefficient ℎ𝑐. For design purposes described in Eurocode (EN 1991-

1-2, 2002) the heat transfer is often taken as 25 W/m2K (nominal) or 35 W/m2K (natural) for 

the fire exposed side and 4 W/ m2K for the non-fire exposed side (EN 1991-1-2, 2002). 

Note that in the upcoming description of the convective heat transfer coefficient the text will 

be referred to the assumption of forced convection.  

Because the heat transfer of convection can be seen as the same analogy as thermal 

conduction, the heat transfer resistance from convection can be derived as 

𝑅ℎ =
𝛿

𝑘
→ ℎ =

𝑘

𝛿
   (22) 

where 𝑘 is thermal conductivity and 𝛿 is the boundary thickness. The heat transfer coefficient 

can be expressed by the non-dimensional expression between the characteristic length 𝑥 of the 

surface over the boundary thickness. Together with equation (22) the Nusselt number, 𝑁𝑢 is 

given as 

𝑁𝑢 =
ℎ𝑥

𝑘
    (23) 

The flow over a plane surface can be divided into laminar and turbulent flow and outside the 

boundary layer the velocity is undisturbed and denoted 𝑢∞. The velocity decrease closer to 

the surface and goes to be more or less zero and negligible at the surface, see Figure 2 

(Wickström, 2014). 
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FIGURE 2 BOUNDARY LAYER OF FLOWING FLUID (WICKSTRÖM, 2014). 

  

The transition between laminar and turbulent flow for a flat surface approximately occurs 

when 

𝑢∞𝑥

𝜈
> 5 × 105   (24) 

where the term on the left hand side is a dimensionless quantity called the Reynolds number 

𝑅𝑒. 

The Nusselt number when a plate is heated over its entire length can be derived from 

𝑁𝑢𝑥 = 0.322𝑃𝑟1/3𝑅𝑒𝑥
1/2   (25) 

where 𝑃𝑟 is the Prandtl number that depends on the thermal diffusivity over the diffusion of 

heat in the fluid. This dimensionless number is a connecting link between the velocity field 

and the temperature field and is often assumed to be 0.7 for air (Holman, 2002). 

By integrating over the length of the plate the average Nusselt number is  

2𝑁𝑢𝑥 → 𝑁𝑢 = 0.664𝑃𝑟1/3𝑅𝑒𝑥
1/2  (26) 

When there is a variation between the surface and free-stream conditions, the properties in the 

above expressions should be evaluated at the so-called film temperature 

𝑇𝑓𝑖𝑙𝑚 =
𝑇𝑠+𝑇∞

2
   (27) 

Rearranging equation (23) and combining with equation (24) and (26) gives the mean heat 

transfer coefficient 

ℎ𝑓𝑖𝑙𝑚,𝑥 =
𝑁𝑢𝑥,𝑓𝑖𝑙𝑚𝑘𝑓𝑖𝑙𝑚

𝑥
= 0.664𝑃𝑟𝑓𝑖𝑙𝑚

1

3
𝑘𝑓

𝑥
(

𝑢∞𝑥

𝜈𝑓𝑖𝑙𝑚
)

1

2
    

= 0.664𝑃𝑟𝑓𝑖𝑙𝑚
1/3 𝑘𝑓𝑖𝑙𝑚𝑢∞

1/2

𝜈𝑓𝑖𝑙𝑚
1/2𝑥1/2   (28) 
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The properties for air, that is also assumed to be the properties of hot gases in a fire, can be 

taken from tabulated values. The Prandtl number 𝑃𝑟 is often assumed as 0.7, whereas the 

thermal conductivity and kinematic viscosity varies with temperature according to 

𝑘𝑓𝑖𝑙𝑚 = 138 × 10−6𝑇𝑓𝑖𝑙𝑚
0.92  (29) 

and 

𝜈𝑓 = 1.13 × 10−9𝑇𝑓𝑖𝑙𝑚
1.67   (30) 

With use of these property equations the simplified equation of the mean heat transfer 

coefficient can be derived as (Wickström, 2014) 

ℎ𝑓𝑖𝑙𝑚,𝑥 = 2.4𝑇𝑓𝑖𝑙𝑚
0.085 𝑢∞

1/2

𝑥1/2   (31) 

The upward plume flow velocity can be calculated using the McCaffrey plume equations 

(Karlsson, 2000) that is 

𝑢0 = 𝜅 (
𝑧

�̇�2/5)
𝜂

�̇�1/5    (32) 

where the two constants 𝜅 and η varies depending in what region of the flame (continuous, 

intermittent or plume) one observes, see appendix 1.  

2.3 Steel temperature 
The heat transfer in a structural element of steel is by conduction. This is expressed by the 

Fourier equation (Holman, 2002) 

𝑞 = −𝑘𝐴
𝜕𝑇

𝜕𝑡
    (33) 

Because the general very good conductivity of steel, up to 100 times higher than concrete, the 

temperature field in a section can be assumed uniform (Wickström, 2014). The temperature 

development in a steel section is dependent on the temperature of the fire compartment, the 

area of steel exposed to the fire and the amount of the applied fire protection (Franssen & Vila 

Real, 2010). Because of the high temperature variants in fire both material properties and 

boundary conditions vary. For example the thermal conductivity and specific heat varies with 

temperature and cannot be assumed constant. Therefor numerical methods with computer 

codes have to be used, or for 0-dimensional problems spread-sheet codes in Excel can be used 

(Wickström, 2014). The temperature development in an unprotected steel member assuming 

uniform temperature over the cross section can be calculated with 

∆𝑇𝑠 =
𝐴 𝑉⁄

𝑐𝜌
�̇�𝑡𝑜𝑡

˝ ∆𝑡   (34) 

where the numerator on the first term at the right hand side describes the geometry of the 

member (section factor). 
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2.3.1 Section factor 
The section factor is a geometric relation of the area exposed to the heat flux over the volume 

of the member per unit length (Haller & Cajot, 2006). It is often denoted for unprotected 

members as 

𝐴𝑚

𝑉
=

[
𝑚2

𝑚
]

[
𝑚3

𝑚
]

→
𝑃

𝐴
=

[𝑚]

[𝑚2]
= [𝑚−1]  (35) 

where 𝑃 is the perimeter and 𝐴 is the cross section area. The section factor indicates the 

ability of the member to be heated. A high value of the section factor indicates a fast increase 

of temperature and a low value indicates a slow increase see Figure 3 (Franssen & Vila Real, 

2010). 

 
FIGURE 3 SECTION FACTORS (FRANSSEN & VILA REAL, 2010). 

2.3.2 Section factor including the shadow effect 
For I-profiles, the section factor can be included with the shadow effect. This is relevant for 

this type of sections because the heat transfer by radiation from for example a localised fire is 

partly shadowed by the I-profile cross section itself. 

In Eurocode (EN 1993-1-2:2005, 2005) the shadow effect is taken into consideration by the 

correction factor 𝑘𝑠ℎ in the calculation of the steel temperature as 

∆𝑇 = 𝑘𝑠ℎ
𝐴𝑚 𝑉⁄

𝑐𝜌
ℎ̇𝑛𝑒𝑡,𝑑∆𝑡   (36) 

Considering an I-section under nominal fire conditions, the correction factor can according to 

Eurocode be taken as 

𝑘𝑠ℎ = 0.9 [𝐴𝑚 𝑉⁄ ]𝑏 [𝐴𝑚 𝑉⁄ ]⁄   (37) 

and for all other cases as 

𝑘𝑠ℎ = [𝐴𝑚 𝑉⁄ ]𝑏 [𝐴𝑚 𝑉⁄ ]⁄    (38) 

The term [𝐴𝑚 𝑉⁄ ]𝑏 is denoted as the box value of the section factor. This ratio is calculated as 

the area of a bounding box to the section per meter over the volume per meter. Because the 

heat transfer by radiation will be partly shadowed, the section will only receive as much heat 

as if it had the same geometry as the bounding box (Wickström, 2014). Table 1 illustrates the 
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principle to calculate the section factor with or without taking the shadow effect into 

consideration for sections subjected to fire from all directions. 

TABLE 1 DESCRIPTION OF CALCULATIONS OF THE SECTION FACTOR WITH AND WITHOUT TAKING THE SHADOW EFFECT INTO 

CONSIDERATION. 

Open section exposed on all sides Open section exposed on all sides with 

shadow effect 

 
 

 

2.4 Basic principles of heat transfer calculations by Eurocode 
For unprotected steel inside an enclosure, Eurocode (EN 1993-1-2:2005, 2005) prescribes a 

simplified equation to calculate the steel temperature over time. The temperature is assumed 

constant (uniform) over the cross section and the temperature increase can be solved by 

∆𝜃𝑎,𝑡 = 𝑘𝑠ℎ
𝐴𝑚 𝑉⁄

𝑐𝑎𝜌𝑎
ℎ̇𝑛𝑒𝑡,𝑑∆𝑡   (39) 

The term ℎ̇𝑛𝑒𝑡,𝑑 in the above equation is according to Eurocode (EN 1991-1-2, 2002) 

ℎ̇𝑛𝑒𝑡,𝑑 = ℎ̇𝑛𝑒𝑡,𝑐 + ℎ̇𝑛𝑒𝑡,𝑟   (40) 

where both convection and radiation is taking into consideration. Note that the heat flux are 

denoted with ℎ̇ in Eurocode, that is the same as �̇� which is mainly used for the heat flux in 

this thesis. Equation (40) are described with all components as 

ℎ̇𝑛𝑒𝑡,𝑑 = ℎ𝑐(𝑇𝑔 − 𝑇𝑠) + 𝜙휀𝑠휀𝑓𝑙𝜎(𝑇𝑟
4 − 𝑇𝑠

4)  (41) 

It is worth noting that in the second term on the right hand side the flame emissivity 휀𝑓𝑙 and 

the view factor 𝜙 are both included in the emitted radiation. These two parameters are though 

not relevant for the radiation emitted from the surface. When the flame is engulfing the 

structure and the flames are thick and sooty (𝜙 = 1 and 휀𝑓𝑙 = 1), this makes a marginal 
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difference. But for cleaner fuels or when the fire not impinges the structure, the Eurocode 

equation is incorrect (Byström, et al., 2014). It should be 

ℎ̇𝑛𝑒𝑡,𝑑 = ℎ𝑐(𝑇𝑔 − 𝑇𝑠) + 𝜙휀𝑓𝑙휀𝑠𝜎𝑇𝑟
4 − 휀𝑠𝜎𝑇𝑠

4  (42) 

as the emitted heat flux, the last term, is independent of the incident flux according to the 

Stefan-Boltzmann law. 

2.5 TASEF 
The temperature development in a structure can be calculated with the computer program 

TASEF. The program is based on the finite element method and can facilitate calculations in 

two dimensions. The algorithm and integration scheme can handle the latent heat in different 

materials with water content and other specific material properties that is highly temperature 

dependent. These material properties are prescribed in the program according to Eurocode 

(Virdi & Wickström, 2013). The heat transfer calculations at the boundaries is based on the 

equation 

  

�̇�𝑡𝑜𝑡
˝ = 휀𝑠𝜎(𝑇𝑟

4 − 𝑇𝑠
4) + ℎ𝑐(𝑇𝑔 − 𝑇𝑠)   (43) 

and the temperature-dependent specific volumetric enthalpy e and conductivity 𝑘 is also 

specified for each material. An example of how to calculate the specific volumetric enthalpy 

for a dry material with constant specific heat and density is 

𝑒 = 𝑐𝑑𝑟𝑦𝜌𝑑𝑟𝑦𝑇   (44) 

and accordingly varies linearly with the temperature (Wickström, 2014). The specific 

volumetric enthalpy is not often input in other computer codes than TASEF instead of density 

and specific heat capacity. 

Also heat exchange inside voids can be calculated by TASEF where exchange by convection 

and radiation is calculated between the internal surfaces (Wickström, u.d.).  
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3 Method 
The purpose and objective of this thesis is partly fulfilled by collecting basic theory’s from the 

literature and construct a model that describes the thermal exposure of a steel I-profile from a 

localised fire. 

3.1 Modelling heat transfer from a localised fire in TASEF 
This model is based on the assumption that the I-profile column is totally engulfed in the 

localised fire. The profile is affected from the flame from all four sides. The flame thickness 

affecting the column is known (or assumed). A basic illustration of the I-profile and the 

surrounding flame can be seen in Figure 4. Note that the flame is divided into two circular 

areas denoting the inner and outer radius of the flame. 

 
FIGURE 4 INNER AND OUTER RADIUS OF FLAME. 

L1 denotes the effective depth of the flame inside the I-profile (void) and L2 is the depth of the 

flame from the I-profile to the edge of the flame. This is used to calculate the emissivity of the 

flame and in the next step calculate the heat contribution to the steel. The void emissivity is 

calculated according to  

휀𝑣 = 1 − 𝑒−𝐾𝐿1   (45) 

and the flame emissivity outside the column as 

휀𝑓𝑙 = 1 − 𝑒−𝐾𝐿2   (46) 

The flame length between the flanges is approximated according  

𝐿1 = 3.6
𝑉

𝐴
    (47) 

where 𝑉 is the total volume of the gas between the flanges and 𝐴 the total surface area of the 

profile inside the void (Wickström, 2014). This is because the emitted radiation transmitted 

through the gas travels many distances between two parallel planes.  
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The incident heat flux from a localised fire can be expressed with (Byström, et al., 2014) 

�̇�𝑖𝑛𝑐,𝑓𝑙
˝ = 휀𝑓𝑙𝜎𝑇𝑓𝑙

4   (48) 

The steel profile is also affected by the incident radiation from the surrounding gas outside the 

flame. Often this is taken as the ambient air and assumed having ambient temperature 𝑇∞. The 

contribution from the surrounding gas to the profile is given by 

�̇�𝑖𝑛𝑐,∞
˝ = (1 − 휀𝑓𝑙)𝜎𝑇∞

4   (49) 

because this is what radiates from the surrounding through the flame. The total incident heat 

flux to the profile is with (48) and (49)  

�̇�𝑖𝑛𝑐,𝑡𝑜𝑡
˝ = �̇�𝑖𝑛𝑐,𝑓𝑙

˝ + �̇�𝑖𝑛𝑐,∞
˝    (50) 

The total radiation temperature from the flame can then be calculated according to the 

definition of the incident radiation in equation (14) as 

𝑇𝑟,𝑡𝑜𝑡 = √�̇�𝑖𝑛𝑐,𝑡𝑜𝑡
˝

𝜎

4

   (51) 

 An illustration of the total incident heat flux from the surrounding and the flame can be seen 

in Figure 5. 

 
FIGURE 5 INCIDENT HEAT FLUX TO A SURFACE FROM A FLAME AND THE SURROUNDING GAS. 

 

The direct exposure to the flange surface (not having a void) outside the profile is given by 

�̇�𝑟,𝑓𝑙
˝ = 휀𝑠𝜎(𝑇𝑟,𝑡𝑜𝑡

4 − 𝑇𝑠
4) 

and the exposure to the inside of the profile (void) from the gas by 
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�̇�𝑟,𝑣
˝ = 휀𝑣𝜎(𝑇𝑓𝑙

4 − 𝑇𝑠
4) 

The direct exposure of the convective heat transfer to the profile is for both void and outside 

surfaces calculated with 

�̇�𝑐𝑜𝑛
˝ = ℎ𝑐(𝑇𝑓𝑙 − 𝑇𝑠)   (52) 

The shadow effect between the flanges is modelled in TASEF by introducing an artificial 

surface ranging between the flange edges. The surface is further on called the virtual shadow 

cover and is in the model bounded with the temperature 𝑇𝑣𝑠𝑐 that is assumed equal to the total 

radiation temperature from the flame as 

𝑇𝑣𝑠𝑐 = 𝑇𝑟,𝑡𝑜𝑡    (53) 

This temperature is prescribed for the virtual shadow cover surface (first kind of boundary 

condition) that the void surfaces sees. Therefor this plane has the maximum temperature the 

void enclosure will be affected with. The virtual shadow cover is in TASEF built like a 

material that is perfectly insulating so that the prescribed temperature on the surface affects 

only the inside surfaces of the void. The virtual shadow cover is created in TASEF with an 

artificial material that has low constant conductivity (𝑘 = 0.0001 𝑊/(𝑚 𝐾)) and a linearly 

increasing specific volumetric enthalpy with increasing temperature (𝑒(𝑇 = 0) = 0 and 

𝑒(𝑇 = 2000) = 20000000 𝑀𝐽/𝑚3). As the conductivity of the cover is low negligible 

amounts of heat is conducted from the cover to the steel. The virtual shadow cover is given a 

thickness of 0.01 meter. 

A portion of the radiant flux from outside the virtual shadow cover is absorbed by the gases in 

the void. This is considered by reducing the emissivity of the shadow cover surface. Thus its 

surface emissivity 휀𝑣𝑠𝑐 becomes  

휀𝑣𝑠𝑐 = 1 − 휀𝑣   (54) 

An illustration of the radiative exposure of a bare open steel section can be seen in Figure 6. 
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FIGURE 6 RADIATIVE EXPOSURE OF A BARE OPEN STEEL SECTION. 

 

 

In Figure 7 one can see an illustration of the input scheme in TASEF for the model. It is 

divided into three figures to show the overlapping function of TASEF, where boundary 

conditions are overwritten for each surface and each heat transfer mode. The plus sign is 

illustrating the steps in which TASEF performs the calculations. First step is the heat transfer 

from the smoke to the web between the flanges and from the fire to the outside of the flanges. 

The second step is the first kind of boundary conditions for the virtual shadow cover, defining 

the prescribed temperature. The third step is the void exposure between the flanges, defining 

the emissivity´s of the void surfaces. 
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+ 

 

+ 

 
FIGURE 7 ILLUSTRATING FIGURES OF THE BOUNDARY INPUT IN TASEF AND THE OVERLAPPING CALCULATION. 
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4 Analyses 
The analyses are generally performed from an assumption of a 1.9 in diameter diesel pool fire. 

This because of experiments made on a localised fire at SP Borås in 2014 (Byström, et al., 

2014). Some experimental data is used as preference to facilitate further on calculations and to 

have reference data from a large scale test. Some specific data measured in the large scale test 

can be seen in Table 2. 

TABLE 2 MEASURED VALUES OF DIESEL POOL FIRE IN LARGE SCALE TEST (BYSTRÖM, ET AL., 2014). 

 

Diameter 

𝑫 [m] 

Mass lost 

rate �̇� 

[kg/s] 

Heat of 

combustion 

∆𝑯𝒄 [MJ/kg] 

Heat 

release rate 

�̇� [MW] 

Diesel pool 

fire 
1.9 0.107 44.4 3.3 

  

Analyses performed in this chapter is at first a calculation of the convective heat transfer 

coefficient based on data from the large scale test. Thereafter an example of the advanced 

model in TASEF is illustrated with a sensitivity analyses of the convective heat transfer 

coefficient. At last an example of a calculation based on the Eurocode method is illustrated 

compared to a representative TASEF calculation, both based on the data measured from the 

large scale test.  

The analyses referred to the TASEF calculations are made to a steel I-profile with boundary 

sides further on denoted as in Figure 8. 

 
FIGURE 8 NUMBERING OF THE SIDES OF THE STUDIED STEEL I-PROFILE. 

 

4.1 The convective heat transfer coefficient 
Analyse of the impact to the heat transfer by convection will in section 4.2 be performed by 

calculation and sensitive analyse of the convective heat transfer coefficient. The sensitive 

analyse will be performed using TASEF. 
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The convective heat transfer coefficient is calculated according to equation (31). It is in 

general based on the flame characteristics, e.g. velocity and the film temperature 𝑇𝑓𝑖𝑙𝑚 that is 

in turn based on the fire characteristics see Table 2. The velocity at different heights are 

calculated according to equation (32) where the heat release rate is set to 3300 kW. The 

velocity can be seen in Figure 9. 

 
FIGURE 9 PLUME VELOCITY ACCORDING TO THE MCCAFFREY PLUME EQUATION. 

The convective heat transfer coefficient is calculated with various values for the film 

temperature and characteristic length of the surface. This is performed as a sensitive analysis 

to notice the importance of the parameters. The convective heat transfer coefficient with 

different film temperatures (400, 600, 800, 1000 and 1200 Kelvin) can be seen in Figure 10. 

The characteristic surface length is in the example assumed 0.1 meter. 

 
FIGURE 10 CONVECTIVE HEAT TRANSFER COEFFICIENT FOR DIFFERENT FILM TEMPERATURES, CHARACTERISTIC SURFACE 

LENGTH 0.1 METER. 

  The convective heat transfer coefficient with different x values (0.01, 0.05, 0.1, 0.2 and 0.5 

meter) in equation (31) can be seen in Figure 11. The film temperature in the example is 

assumed to be 750 K. 
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FIGURE 11 CONVECTIVE HEAT TRANSFER COEFFICIENT FOR DIFFERENT CHARACTERISTIC SURFACE LENGTH, FILM 

TEMPERATURE 750 K. 

 

4.2 Example of heat transfer calculation with the advanced model 
 

The example is based on a diesel pool fire engulfing a HEA 240 B steel column, positioned in 

the centre of a localised fire. In this example the flame temperature is assumed to constant 

1000 °C. The steel profile characteristics are shown in Table 3. 

TABLE 3 HEA 240 B PROFILE DIMENSIONS. 

 
Profile dimensions [mm] 

 
Height Width 

Thickness 

flanges 

Thickness 

web 

HEA 

240 B 
240 240 17 10 

 

Assumptions are made for the diesel pool fire and calculations for the effective flame length 

between the flanges according to equation (47) that can be seen in Table 4. The calculations 

are performed with an Excel spread sheet that can be seen in Appendix 2. 

TABLE 4 ASSUMED VALUES FOR THE DIESEL FIRE. 

 
Flame dimensions [m] Temperature [°C] 

 
Flame diameter 

Effective 

depth 𝑳𝟏  

Effective 

depth 𝑳𝟐 

Flame 

temperature 

𝑻𝒇𝒍 

Surrounding 

temperature 

𝑻∞ 

Diesel fire 2.0 0.13 0.87 1000 20 

 

The effective absorption/emission coefficient 𝜅 is taken from textbooks as 0.43 m-1 

(Wickström, 2014). The void and flame emissivity are calculated with equation (45) and (46) 

as  
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휀𝑣 = 1 − 𝑒−0.43∗0.13 = 0.06 

and 

휀𝑓𝑙 = 1 − 𝑒−0.43∗0.87 = 0.31 

It is now possible to calculate the total incident radiation according equation (48)-(50) as 

�̇�𝑖𝑛𝑐,𝑡𝑜𝑡
˝ = (0.31 ∗ 5,67 ∗ 10−8 ∗ (1000 + 273)4)

+ ((1 − 0.31) ∗ 5,67 ∗ 10−8 ∗ (20 + 273)4) = 46633 𝑊/𝑚2 

The total radiation temperature is calculated with equation (51) 

𝑇𝑟,𝑡𝑜𝑡 = √
46633

𝜎
=

4

952 𝐾 = 679 ℃ 

Note that the incident radiation has to be calculated including temperatures in Kelvin, because 

of the fourth power of radiation temperature. 

The virtual shadow cover then have a prescribed radiation temperature that is  

𝑇𝑣𝑠𝑐 = 𝑇𝑟,𝑡𝑜𝑡 = 679 ℃ 

and the emissivity according to equation (56) 

휀𝑣𝑠𝑐 = 1 − 0.06 = 0.94 

It is now possible to use the calculated emissivity’s and radiation temperatures as input in the 

FEM calculation in TASEF. The values for the surface emissivity and convective heat transfer 

coefficient is in this example chosen in accordance to the recommended values in the 

Eurocodes (EN 1991-1-2, 2002) and (EN 1993-1-2:2005, 2005). 

The boundary input for the model can be seen in Table 5. 

TABLE 5 INPUT PARAMETERS IN TASEF FOR BOUNDARY PROFILE SURFACES IN THE ADVANCED MODEL. 

Side of 

profile (see 

Figure 8) 

Emissivity 

𝜺 

Convective 

heat 

transfer 

coefficient 

𝒉𝒄 [W/m2K] 

Heat 

flux 
Temperature Note 

1 and 3 
   

𝑇𝑟,𝑡𝑜𝑡  Virtual shadow cover 

1 and 3 0.06 35 𝑇𝑓𝑙  
Inside flanges and web 

1 and 3 
0.7 0 

  

Void (Inside flanges 

and web) 

1 and 3 
0.94 0    

Void (virtual shadow 

cover) 

2 and 4 0.7 0 𝑇𝑟,𝑡𝑜𝑡  
 

Outside flange 

2 and 4 0 35 𝑇𝑓𝑙   Outside flange 
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The steel temperature increase over the whole profile calculated by TASEF can be seen in 

Figure 12. 

 
FIGURE 12 TEMPERATURE DEVELOPMENT IN STEEL CROSS SECTION CALCULATED IN TASEF. 

The steel temperature increase for the different parts of the profile can be seen in Figure 13. 

 
 

FIGURE 13 TEMPERATURE DEVELOPMENT IN STEEL CROSS SECTION FOR THE FLANGE AND THE WEB, CALCULATED IN 

TASEF. 

The maximum temperatures for the different parts of the profile can be seen in Figure 14. 

 
FIGURE 14 MAXIMUM TEMPERATURES FOR THE DIFFERENT PARTS OF THE PROFILE CALCULATED IN TASEF. 
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A sensitive analyses is performed for the example were four different convective heat transfer 

coefficients ℎ𝑐 are used (0, 35, 50 and 100 W/m2K). The resulting steel temperature increase 

can be seen in Figure 15. 

 
FIGURE 15 STEEL TEMPERATURE INCREASE WITH DIFFERENT CONVECTIVE HEAT TRANSFER COEFFICIENT. 

  

4.3 Heat transfer problem for a localised fire according to Eurocode 
 

Often in fire safety engineering the heat transfer modelling for a column exposed to a 

localised fire is performed together with the method described in the Eurocodes. The design 

fire and temperature influence of a localised fire is described in section 2.1.3 and in this 

section an example of this situation is illustrated. 

The calculations are performed by first finding the centreline plume temperature that 

describes the temperature influence on the profile. This temperature is used to perform the 

temperature analysis for the profile. 

Some assumptions have to be made to facilitate the calculations. The diameter of the fire 

respective the energy release rate has to be known. In this example, assumptions are made that 

the fire diameter is 2 meter and the heat release rate agrees with values in Table 2.   

To calculate the centreline temperature equation (7) to (8) together with values in Table 2 are 

used as for the virtual origin 

𝑧0 = −1,02 ∗ 2 + 0.00524 ∗ 33000002 5⁄
= 0.08 𝑚 

and the flame height 

𝐿𝑓 = −1,02 ∗ 2 + 0.0148 ∗ 33000002 5⁄ = 3,95 𝑚 

When the flame height is known, the decision whether the flame reaches the ceiling or not can 

be done and the further method can be chosen. In this example, the assumption that  𝐿𝑓 < 𝐻 is 

done. The height in interest in this example is set to 3 meter over floor level which means the 

centreline temperature of the localised fire at this height is 
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𝜃𝑧 = 20 + 0,25 ∗ (3300000 ∗ 0.8)2/3(3 − 0.08)−5/3 = 821 ℃ 

The centreline temperature can now be used as input in the further calculations for the thermal 

exposure of the profile. The centreline temperature is said to be the gas and radiation 

temperature, that is 

𝜃𝑧 = 𝜃𝑔 = 𝜃𝑟 

The temperature development in the steel is calculated using an iteration spreadsheet in Excel 

where a uniform temperature distribution over the steel cross section is assumed. The boxed 

section factor is derived using the equation found in Table 1 as 

[𝐴𝑚 𝑉⁄ ]𝑏 =
2(0.240 + 0.240)

2(0.017 ∗ 0.240) + (0.010 ∗ 0.206)
= 94 𝑚−1 

according to the HEA 240 B dimensions that can be seen in Table 3. The material specific 

values for steel is according to recommended values in Eurocode (EN 1993-1-2:2005, 2005) 

and the constant parameters can be seen in Table 6. 

TABLE 6 GIVEN VALUES FOR CALCULATION OF THE STEEL TEMPERATURE. 

 

Emissivity 

𝜺𝒔 [-] 

Density 

𝝆𝒔 

[kg/m3] 

Convective heat 

transfer coefficient 

𝒉𝒄 [W/m2K] 

HEA 

240 B 
0.7 7850 35 

 

 The flame emissivity 휀𝑓𝑙 and view factor 𝜙 is assumed equal to 1.00. The calculated 

temperature increase in the steel section according to equation (39) can be seen in Figure 16. 

 
FIGURE 16 CALCULATED STEEL TEMPERATURE. 

4.3.1 Corresponding steel temperature calculated with the advanced model in TASEF 
A calculation using the advanced model in TASEF described in section 3.1 that corresponds 

to the previous example of the Eurocode method is performed.  
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Some assumptions are made for the calculation. The fire corresponds to the specifications in 

Table 2 for the diesel pool fire. The fire plume is assumed to be cylindrical over the base of 

the fire meaning the fire plume diameter is constant 2 meter independent of height over floor 

level. The calculated plume temperature in section 4.3 is assumed to be the flame temperature 

as 

𝜃𝑧 = 𝑇𝑓𝑙 = 821 ℃ 

The flame emissivity’s is also assumed equal to those calculated in section 4.2 and all input 

parameters in the TASEF calculation is presented in Table 7. The total radiation temperature 

is calculated according equation (47)-(50). 

TABLE 7 INPUT IN THE TASEF CALCULATION. 

 
Emissivity [-] 

Temperature 
[°C] 

 
𝜺𝒔 𝜺𝒇𝒍 𝜺𝒗 𝜺𝒗𝒔𝒄 𝑻𝒇𝒍 𝑻𝒓,𝒕𝒐𝒕 

Input 

TASEF 
0.7 0.31 0.06 0.94 821 546 

 

The calculated steel temperature increase, where the convective heat transfer coefficient is 35 

W/m2K, can be seen in Figure 17 compared with the steel temperature calculated according to 

the Eurocode method. 

 
FIGURE 17 STEEL TEMPERATURE INCREASE CALCULATED BY THE EUROCODE METHOD AND BY TASEF. 

The steel temperatures calculated with the Eurocode method are compared with the steel 

temperatures calculated by TASEF when the convective heat transfer coefficients are 

different. This can be seen in Figure 18. 
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FIGURE 18 STEEL TEMPERATURE INCREASE CALCULATED BY THE EUROCODE METHOD AND TEMPERATURES CALCULATED 

BY TASEF WITH DIFFERENT CONVECTIVE HEAT TRANSFER COEFFICIENT. 
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5 Discussions 
In this section a discussion about the TASEF model described in section 3.1 and the results in 

the analysed section can be seen. 

Advanced TASEF-model 

The TASEF-model is created, described and used where the physical phenomena from a 

localised fire and the surroundings are taken into consideration. The heat transfer and the 

impact from a localised fire are described in an accurate manner to demonstrate all the 

decisive parameters. This advanced way of modelling is a way of taking radiation and 

convection from a flame and the smoke surrounding a steel column into accurate 

considerations. 

Calculating steel temperatures taking the shadow effect into consideration with computer 

codes are possible when the program can handle void enclosures. In this work an artificial 

surface is built in the model to simulate the plane that is the maximum exposure for the 

surface inside the I-profile void. The model is tested over a long time with a constant 

temperature to recognise if the model works as expected. 

It is important that the material parameters and boundary conditions are described in an 

accurate way. The incident radiation to the steel are described by both flame characteristics 

and surrounding air. The impact of the heat transfer from the surroundings at ambient 

temperature are small and can be neglected if it is at room temperature.  

The incident radiation from a localised fire are highly dependent of the flame characteristics. 

In this thesis only one type of flame are described (diesel flame). Some flame characteristics 

have to be assumed (flame diameter, effective depth of flame etc.) or taken according to 

experiments or literature.   

Convective heat transfer coefficient 

The calculations of the convective heat transfer coefficient are performed assuming forced 

convection. The calculations are made for a flame corresponding to the diesel pool fire when 

calculating the plume velocity.  

The sensitive analyse shows no significant difference of the coefficient for different film 

temperatures. The coefficient is flattening out when the plume velocity is around 8-10 m/s to 

be between 30-40 W/m2K. The sensitive analyse for the characteristic surface length on the 

other hand shows big differences of the calculations. The results shows a variation of the 

convective heat transfer coefficient from 20 to 125 W/m2K when it stabilises at a constant 

value. The coefficient calculation can therefore be said to be highly dependent on what x 

value is chosen. 
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In the Eurocode the value of the convective heat transfer coefficient are proposed to be set at 

35 W/m2K in the heat transfer calculations at the fire exposed side. That is according to 

Figure 11 when using a characteristic surface length of approximately 0.1 meter. 

Example of heat transfer calculation with the advanced model  

The first test performed with a constant flame temperature of 1000 °C (and a calculated 

radiation temperature of 679 °C) indicates a fast steel temperature increase for about 20 

minutes before levelling out to a constant temperature. The steel temperature are closer to the 

radiation temperature hence the mean temperature stabilize at around 760 °C.  

It can be noted some difference between the temperatures of the flanges and web thus the 

temperature over the cross section can be considered as non-uniform. The web temperature 

increase a bit faster than the flanges and are approximately 100 °C warmer than the flanges in 

the beginning. Over time the steel temperature stabilize and the cross section gets uniform 

temperature. The temperature difference can be described with the thickness difference 

between flanges and web and that the web is affected by the emitted radiation from the inside 

of the flanges. 

The comparison of the sensitives analyse of the convective heat transfer coefficient shows that 

the higher value of the coefficient means a steel temperature that develops faster and gets 

closer to the flame temperature. The calculation with ℎ𝑐 = 0 shows that the steel temperature 

goes towards the radiation temperature of 679 °C which indicates that there are no 

contribution from the convective part of the heat transfer. It is also an indication that the 

modelling of the radiation is correct. 

Heat transfer model of a localised fire and comparison with the TASEF model  

The second calculation is performed with one single gas temperature (821 °C) according to 

Eurocode specifications. The temperature increase of the steel are fast in the beginning and 

when it starts to stabilize after approximately 30 minutes it reaches the constant temperature 

near the gas temperature. 

When comparing the Eurocode method and the TASEF calculations in 4.3.1 one can see that 

the steel temperature increase is much faster with the Eurocode method. The temperatures 

differs almost 150 °C after 30 minutes when the steel temperature begins flattening out.  

Calculations when using different convective heat transfer coefficient shows different final 

temperatures. A higher value also develops faster. The calculation with hc 100 W/m2 yields 

the highest final temperature but is still almost 100 °C lower than the final temperature with 

the Eurocode method. 

Both models are based on the same material and flame parameters but they can be referred to 

as simplified (Eurocode) and advanced (TASEF). The comparison are performed to 



29 

 

demonstrate different ways of calculating steel temperatures in a fire and to see the significant 

difference in result. 
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6 Conclusions 
In fire safety engineering and in the field of studying a fire it is hard both to predict, calculate 

and measure temperatures. It is a complex mechanism to study. The temperature in a fire is 

often referred as the fire or gas temperature and in this case there exist a lot of simple 

calculation models to predict the temperature. In a fully developed fire it can be a good 

approximation to say that radiation and gas temperature are equal.  In many cases, however, 

temperatures from a localised fire need to be evaluated and this temperature is often referred 

to as the flame or gas temperature. But in these cases the radiation temperature (dependent on 

the incident radiation) and the gas temperatures are not equal which have to be considered. 

This is important when calculating the heat transfer from the fire to a structure. Often it leads 

to significantly lower steel temperatures. 

Always when using computer codes it is important to validate the accuracy in the model. The 

computer codes are often easy for the user to practise and get a result. But it is also often hard 

for the user to understand the algorithm and calculations performed by the program. What is 

important for the user is that the model is created in accordance to the real physical 

phenomena in a fire and that material properties are correct. If the input in the program is 

incorrect the output will also be incorrect. 

Calculating temperature of steel structures exposed to a fire is important when evaluating the 

strength of a structure. There are simplified methods following the Eurocode but there are also 

possibilities to use more advanced calculation models using computer codes. The calculations 

are among other things performed to evaluate whether the construction needs to be fire 

insulated or not. The examples in this thesis are partly performed when a localised fire totally 

engulfs the steel column. The model can, however, also be used when the localised fire does 

not impinge the profile. The thermal exposure of for example radiation from the flame can be 

calculated using view factors from the flame to the virtual shadow cover. 

Taking the shadow effect into consideration also in the computer models means the 

calculations of the steel temperatures can be more precise. This can be an advantage when 

evaluating whether a construction should be fire insulated or not. The examples performed in 

this thesis shows calculated steel temperatures of the advanced TASEF model that are 

significant lower than the temperatures calculated by the simplified Eurocode method. 

The shadow effect is not affecting the final temperature when exposed to constant fire 

temperatures. It is affecting the speed of temperature development but after some time it will 

reach the adiabatic temperature, i.e. a weighted average of the flame and the ambient 

temperatures, see figure 17. A high section factor means a fast heating process. In the 

Eurocode a correction factor of 0.9 is introduced (see equation 37) to take the shadow effect 

into the calculations. The correction factor is, however, not obtained from the physical 

phenomena of the shadow factor but taken to correct new calculations to fit with earlier 

versions of the Eurocode standard. Also the heat transfer calculation with the Eurocode (see 
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equation 41) is not correct where the flame emissivity and view factor are included in the 

emitted heat. 

6.1 Further work 
TASEF has been used together with the general finite element code Abaqus to develop 16 

verification cases to be used by other codes to prove their accuracy. The results will soon be 

published in an SFPE standard (Beyler, 2015). Details of the calculation cases have been 

reported in (Jeffers, et al., u.d.). 

More work is, however, always desirable on evaluating computer codes like TASEF and the 

accuracy of them. Below some things are listed as example for further work to this thesis. 

-More studies of the input parameters in the model and their impact on the steel temperature 

development. 

-More large scale tests of steel I-profile columns in localised fire are needed to be able to 

validate the calculations against real experiments. 

-Calculations when the fire not impinges the steel profile with use of view factor and not 

symmetric exposure from the flame.  

-More calculations with other profiles (different section factors) and other flame 

characteristics. 
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Appendices 
 

Appendix 1 

The convective heat transfer coefficient are calculated in a general manner what values are 

accurate in a heat transfer calculation. The calculations are based on the flame characteristics 

of a diesel flame and the heat release rate assumed are 3300 kW. The velocity are calculated 

at different heights over the plume base (different values of z) ranging from 0 to 5 meters. The 

equation used are according to the McCaffrey plume equations as  

𝑢0 = 𝜅 (
𝑧

�̇�2/5
)

𝜂

�̇�1/5 

where the constants are as follows: 

 

𝒛

𝑸𝟐/𝟓
 η κ 

Continuous 0.08 0.5 6.8 

Intermittent 0.08-0.2 0 1.9 

Plume 0.2 -0.33333 1.1 

 

For example, the velocity are constant in the intermittent range of the flame because the 

power η is 0. 

The convective heat transfer coefficient are calculated for the various velocity assuming a 

film temperature 𝑇𝑓𝑖𝑙𝑚 and effective length of the surface x. 

ℎ𝑓𝑖𝑙𝑚,𝑥 = 2.4𝑇𝑓𝑖𝑙𝑚
0.085 𝑢∞

1/2

𝑥1/2
 

 

 

  



 

 

Appendix 2  

 

Profile dimensions [mm] 

Volume 

between 

flanges 

Area 

between 

flanges 

 

Height Width 

Thickness 

flanges 

Thickness 

web V [m3] A [m2] 

HEA 240 B 240 240 17 10 0,02369 0,642 

       

 

Flame dimensions [m] Temperature [C] 

Kappa 

flame 

 

Pool 

diameter L1 L2 T flame T amb κ [-] 

Diesel fire 2 0,13 0,87 1000 20 0,43 

       

       

 

Emissivity q inc amb  q inc flame q inc tot 

 

εvoid [-] εflame[-] εvsc[-] [W/m2] [W/m2] [W/m2] 

 

0,06 0,31 0,94 288 46345 46633 

       

       

 

Trad tot 

     

 

[C] 

     

 

679 

     

       

       

Input (assumed from 

literature e.d.) 

      output 

      constants 

      

       Constant for effective 

depth 

Stefan Boltzmann 

constant 

    3,6 5,67E-08 

      

 


