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Abstract
Steel is a material commonly used in various constructions such as high-rise buildings, sport
arenas, ships etc. Steel is a versatile building material due to its isotropic characteristics, e.g.
both high tensile- and compressive strength. This allows steel to be formed into open section
profiles which reduces material usage but simultaneously allows the tensile- and compressive
stress resistance to be high in directions were loads are applied. Although steel has a high stress
resistance its sensitivity to fire is larger than other building materials due to its high thermal
conductivity. The strength of the material is reduced at higher temperatures and thereby makes
the dimensioning of beams in fire cases vital in fire safety design of structural elements.
An aspect to consider when dimensioning open section building elements in steel is the
shadow effect. The shadow effect is the result of the open cross-section geometrical shape of
beams and columns, e.g. H-profiles. The interior of the profile is screened from thermal
radiation caused by fire which makes the characteristics of the thermal exposure different from
closed cross-section profiles. A common way to estimate the temperatures of steel after a
certain time of fire exposure is to use numerical calculations described in Eurocode. In these
calculations the shadow effect is applied as a reduction of the total heat exchange, i.e. both
convection and thermal radiation, from the fire exposure.
A more realistic approach is to separate these boundary conditions and treat them as
independent quantities. Wickström (2001) argues that a void is created within the flanges and
that reduction factor thereby only should be applied to the radiative part of the total heat
exchange, acting as a reduction of surface emissivity within the profile. This, since the
convection is not affected by the shadow effect. Wickströms (2001) suggestion of application
has been investigated in this thesis and has showed a better correlation than the approach
suggested in Eurocode when compared to experimental tests.
Shadow effects calculated on the premises of separated boundary conditions for the total heat
exchange has of yet only been investigated in detail with TASEF+-simulations, but these
simulations predicts steel temperatures with satisfactory results. It is possible to reproduce a
similar setup in the program COMSOL Multiphysics in two-dimensional simulations, and
further three-dimensional simulations. This possibility has been investigated in this thesis.
COMSOL Multiphysics has proven to be an adequate tool when it comes to simulate fire
exposure on slender steel beam with shadow effects considered. Both three- and twodimensional models produced simulation results correlating well to simulations conducted in
TASEF. Additionally, adequate correlations with experimental tests were obtained for
COMSOL Multiphysics as well. Further work regarding fire simulations with the utilisation of
COMSOL Multiphysics is thereby suggested.
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1 Introduction
Steel is a material commonly used in various constructions such as high-rise buildings, sport
arenas, ships etc. Steel is a versatile building material due to its isotropic characteristics, e.g.
both high tensile- and compressive strength. This allows steel to be formed into open section
profiles which reduces material usage but keeps the tensile- and compressive strength high in
directions were loads are applied.
The thermal conductivity of steel invokes rapid heating of entire cross sections when exposed
to fire, and as the temperature rises the loadbearing capacity of the steel decreases. Thereby, it
is important to account for the loss of loadbearing capacity when building elements in steel is
dimensioned for fire situations. To accurately account for the losses in load bearing capacity it
is vital that the thermal exposure from the fire is calculated accurately. As steel often is used in
beams and columns with open cross-sections, it is important to account for the aspects the
shape of the beam, or column has on the thermal exposure.
An aspect to consider when dimensioning open cross-section building elements in steel is the
shadow effect. The shadow effect is the result of the slender geometrical shape of beams and
columns, e.g. H-profiles. The interior of the profile is screened from thermal radiation, caused
by the fire, which makes the characteristics of the thermal exposure different from closed
section profiles. A common way to anticipate the temperatures of steel after a certain time of
fire exposure is to use numerical calculations described in Eurocode. Lumped heat is assumed
for the steel profile, i.e. the steel is uniformly heated over the whole body, in the numerical
calculations. The shadow effect is applied as a reduction of the total heat exchange from the
fire exposure. The reduction is derived from the ratio between the boxed section factor and
the regular section factor as a coefficient (Fransen & Vila Real, 2012). There are no
disagreements regarding the calculation of the reduction due to the shadow effect. However,
there are some disputes regarding where it should be applied in the numerical lumped heat
calculations due to different views regarding fire boundary conditions.
Wickström (2001) argues that a void is created within the flanges and that the reduction factor
thereby only should be applied to the radiation part of the total heat exchange, acting as a
reduction of surface emissivity of the profile. This, since the convection is not affected by the
shadow effect.
The matter has further been investigated by simulations in TASEF, a two-dimensional finite
element program, and experimental fire furnace tests at RISE, Borås. The comparison between
the finite element simulations, where the shadow effect only affected the radiative part of the
heat transfer, and fire furnace tests showed a correlation between steel temperatures measured
at various points. Thereby, the assumption that shadow effects only affect the radiative part of
the total heat exchange can be deemed as adequate.
Shadow effects calculated on the premises of separated boundary conditions for the total heat
exchange has of yet only been investigated in detail with two-dimensional TASEF-simulations
1

but predicts steel temperatures with satisfactory results. It is possible to reproduce a similar
setup in the finite element program COMSOL Multiphysics in two-dimensional simulations
and further three-dimensional simulations as well.
If one can successfully simulate the fire exposure to open cross-section steel profiles with
accurate consideration of the shadow effects in three dimensions, it would lead to more
accurate steel temperature estimations in critical cases were open cross-section steel profiles are
used, e.g. joints of beams and columns. Moreover, model overview and analysis efficiency
could be increased if three-dimensional simulations could be done.

1.1 Aim and questions at issue
The aim of this project is to investigate and compare H-profile beams subjected to fire
temperatures equivalent to the standardised fire curve, ISO 843, in FEM/CFD-programs,
explicitly TASEF+ and COMSOL Multiphysics. Furthermore, investigations will concern the
possibility of accurately simulate open cross-section steel beams in fire situations with the
shadow effect being accounted for. Additionally, the application of the shadow effect factor in
numerical calculations, with lumped heat assumed, will be discussed. These questions are to be
answered:
•
•

•

Is it possible to accurately simulate three-dimensional total heat exchange of open
cross-section steel profiles from fire exposure considering shadow effects?
Does COMSOL Multiphysics and TASEF+ produces similar steel temperatures and
can COMSOL Multiphysics be considered as an adequate tool for simulations
regarding fire exposure on open cross-section steel beams with shadow effects
considered?
Which is the most accurate way to apply the shadow effect reduction factor in
numerical calculations based on the lumped heat assumption?

1.2 Limitations
The fire exposure will be represented by the standard fire curve, ISO 843, and simulations will
be equivalent to conditions within a fire furnace. There will not be any full-scale experimental
tests conducted in this project. Nevertheless, earlier conducted tests of an HEB 300 beam will
be the subject of investigation on the matter of generalisability concerning simulation results.
Three different steel profiles will be investigated, HEB 100, 200 and 300, with three
approaches:
•
•
•

Numerical calculations with the lumped heat assumption according to Eurocode.
TASEF-simulations with “dummy plate”-approach in two dimensions
COMSOL Multiphysics-simulations with a new method based on the “dummy plate”approach in two- and three dimensions.
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2 Theory
2.1 Heat transfer
Heat transfer is divided into three different modes which is correlated to ways heat can be
transferred. These are; conduction, radiation and convection (Holman, 2010).
In calculations conducted with computer programs different models are used to simulate these
three phenomena. The theoretical basis for the ones used in TASEF+ and COMSOL
Multiphysics are presented in this section.
2.1.1 Thermal conduction
Thermal conduction occurs when there is a temperature gradient with a material, e.g. a rod
with different temperatures at each end. The constitutional relationship for this process is called
Fourier’s law and are defined as
𝑞̇ ′′ = −𝑘∇𝑇.

(1)

Where the 𝑘 is the thermal conductivity and ∇𝑇 is the temperature gradient (Holman, 2010).
Fourier’s law is limited due to its linear approach and cannot be utilized were conduction are
non-linear within a material. However, it is possible to divide a body into smaller parts and
apply Fourier’s law to each of these parts. In doing so a non-linear behaviour can be
approximated.
2.1.2 Convection
Convection is the heat transfer conducted by fluids in motion relatively to a surface, i.e. heat
transferred to a fluid from a surface and transported away due to fluid movement, leading to
cooling of the surface (Holman, 2010).
The constitutional relationship in this case is Newtons law of cooling, i.e.
𝑞̇ ′′𝑐𝑜𝑛 = ℎ𝑐𝑜𝑛 (𝑇𝑤 − 𝑇∞ ),

(2)

were ℎ𝑐𝑜𝑛 is the convective heat transfer coefficient, 𝑇∞ is the ambient temperature and 𝑇𝑤 is
the wall temperature (Ottosen & Petersson, 1992).
Similarly to Fourier’s law Newtons law of cooling does not apply to non-linear applications.
The problem can solved by subdivision of the body into smaller parts and application of eq. 2
as a the constitutional relationship, as it is done with thermal conduction. Additionally, it is
possible to focus on the fluid dynamics rather than the body to simulate the effects of
convection. In these cases the fluid is divided into smaller parts.
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2.1.3 Thermal radiation
Thermal radiation occurs for all materials and is not bound to a medium, i.e. thermal radiation
can be transferred through vacuum. The constitutional relation here is the Stefan-Boltzmann
black body law defined as
𝑞̇ ′′𝑒𝑚𝑖 = 𝜎𝑇𝑠 4 ,

(3)

where 𝑇𝑠 is the surface temperature, 𝜎 the Stefan-Boltzmann constant and 𝑞̇ ′′𝑒𝑚𝑖 the thermal
radiation emitted per surface- and time unit. The emitted thermal radiation is affected by the
grey and diffuse surface properties, emissivity, 𝜀, and the geometric quantity referred to as view
factor, 𝜙, (Holman, 2010).
This makes the incident thermal radiation equal to
𝑞̇ ′′𝑖𝑛𝑐 = 𝜙𝜀𝑞̇ ′′𝑒𝑚𝑖 .

(4)

2.1.3.1 Grey diffuse surfaces
When thermal radiation hits a diffuse surface that is not black, i.e. grey, the radiosity and
diffusivity are crucial factors that need to be considered. A diffuse surface will not reflect the
radiation as a single ray of radiation but dissipate it to several minor reflections, see Figure 1.
(Holman, 2010).

Figure 1 Irradiation dissipation on a diffuse surface (Holman, 2010)

All the energy radiated at a grey surface will not be absorbed, it will partly be reflected from
the surface, as seen in Figure 2. The complexity of the problem then increases even more. To
do a reasonable analysis of the problem several reflexions have to be considered (Holman,
2010).
If all surfaces are presumed to be diffuse, grey and uniform in both temperature and emissivity
properties over the whole surface. Two definitions can be defined,
𝐺 = 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛,

(5)
4

which is the total radiation that is incident against the surface per time and unit area and
𝐽 = 𝑅𝑎𝑑𝑖𝑜𝑠𝑖𝑡𝑦,

(6)

which is the total radiation that is leaving the surface per time and unit area. The radiosity is
expressed as the sum of the emitted and reflected energy (Holman, 2010).
Using Kirchhoff’s relation, the absorbed amount of energy is the same as the emitted,
𝛼=𝜀

(7)

With the assumption of Eq. (7) the radiosity is expressed as
𝐽 = 𝜀𝐸𝑏 + (1 − 𝜀)𝐺,

(8)

where 𝐸𝑏 is the black body radiation. The total energy amount absorbed to the surface is
thereby
𝑞̇ ′′𝑎𝑏𝑠 = 𝐺 − 𝐽

(9)

which is illustrated, with 𝐺 and 𝐽 seen as quantities and not specific rays, in Figure 2.

Figure 2 Total energy amount absorbed by a grey diffuse surface (Holman, 2010).

2.2 Shadow effects
In cases were a structural element, e.g. a beam, is placed in a fire furnace, the thermal radiation
is mainly generated from remote flames and hot gases. Parts of the body will be shadowed from
the thermal radiation, most commonly for beams such as I-beams (Wickström, 2001).
The thermal radiation described above is not to be confused with the total heat exchange,
which is the sum of both convection and thermal radiation. Thermal radiation is an
electromagnetic radiation propagated as a wave and a particle simultaneously (Holman, 2010).
A fire propagates large amounts of energised particles that are emitted against nearby objects.
These particles can be seen as rays on an open cross-section profile, as illustrated in Figure 3.
5

Figure 3 Shadow effect of an open cross-section illustrated with thermal radiation rays

Due to its geometrical shape, only a fraction of the thermal radiation rays reaches the interior
of the open cross-section profile. The interior of the flanges is less probable to receive particles
since they are mainly parallel to the paths of the incoming rays. On the contrary, the interior
of the web is more probable to receive particles since it is perpendicular to the paths of the
incoming rays. The fraction of thermal radiation rays reaching the interior of open crosssection profile, as oppose to the exteriors is the shadow effect.
Moreover, convection is an interaction of the gas temperature and the entire surface of the
profile, as seen in Figure 3. Convection is thereby a direct interaction between the movement
of the gas and profile surface and does not originate from the remote flames, as opposed to the
thermal radiation rays, making the shadow effect a thermal radiation property exclusively.
2.2.1 Total heat exchange with mixed boundary conditions and their internal definitions
The total heat exchange can be treated in several ways. One method adaptable to the varying
conditions of a fire is to separate total heat exchange into convection and radiation, i.e. mixed
boundary conditions.
The total heat exchange, 𝑞̇ ′′𝑡𝑜𝑡 , can be divided into two parts, the radiative, and the
convective part (Wickström, 2016).
6

Thus, the total heat flux becomes
𝑞̇ ′′𝑡𝑜𝑡 = 𝑞̇ ′′𝑟𝑎𝑑 + 𝑞̇ ′′𝑐𝑜𝑛

(10)

Which further is defined as
𝑞̇ ′′𝑡𝑜𝑡 = 𝑞̇ ′′𝑟𝑎𝑑 + 𝑞̇ ′′𝑐𝑜𝑛 = 𝜀𝜎(𝑇𝑟4 − 𝑇𝑠4 ) + ℎ𝑐𝑜𝑛 (𝑇𝑔 − 𝑇𝑠 ),

(11)

where 𝑇𝑟 is the radiation temperature, 𝑇𝑠 is the surface temperature, 𝑇𝑔 is the gas temperature,
ℎ𝑐𝑜𝑛 is the convective heat transfer coefficient, 𝜀 is the emissivity of the surface and 𝜎 is the
Stefan-Boltzmann constant (Wickström, 2016).
For emissivity, 𝜀, Eurocode recommends a value of 0,7 for steel and 0,8 in general. Several
other sources; (McGrattan, o.a., 2017), (Gosse, Evans, Persuad, & Shiervill, 1994) and
(Wickström, 2001) indicates that a higher value results in more accurate results.
Regarding the convective heat transfer coefficient, ℎ𝑐𝑜𝑛 , Eurocode (2010) recommends that 25
W/mK is used when the ISO 834 standardized fire curve is used. In general Eurocode (2009)
recommends that 9 W/mK should be used for a fire exposed surface of a separating member
that is effected by thermal radiation. If the surface of the member is not exposed to fire i.e.
natural convection is occurring, the value should be set to 4 W/mK (CEN, 2009). Wickström
(2001), Sandström & Wickström (2015) and Jansson, Tuovinen, & Wickström (2009) uses a
lower value of ℎ𝑐𝑜𝑛 , compared to the recommended value of 25 W/mK for nominal timetemperature curves, in fire furnace test and in computer simulations with good results.

2.3 Numerical calculation of steel temperature with the shadow effect included in
accordance to EN 1993-1-2.
To calculate the increase in temperature due to thermal exposure of unprotected steel frame
work, a first approach can be the use of numerical calculations based on the lumped heat
assumption. EN-1993-1-2 provides a simple equation to do so (Fransen & Vila Real, 2012).
The equation is
∆𝑇𝑠,𝑡 = 𝑘𝑠ℎ

𝐴𝑚⁄
V
𝑞̇ ′′𝑡𝑜𝑡 ∆𝑡.
𝑐𝑠 𝜌𝑠

(12)

The first coefficient, 𝑘𝑠ℎ , represents the reduction due to the shadow effect and
𝐴𝑚 ⁄V represents the section factor of the steel profile, see Eq (14). 𝑐𝑠 and 𝜌𝑠 are the specific
heat capacity and the density of the steel respectively. 𝑞̇ ′′𝑡𝑜𝑡 is the total heat exchange of the
steel section. ∆𝑡 is the time step and ∆𝑇𝑠,𝑡 is the temperature increase of the steel at time 𝑡 .
The equation is used in a numerical forward step procedure by choosing appropriate time steps
and adding the equivalent temperature increases to each other. Thus,
𝑇𝑠,𝑡 = 𝑇∞ + ∑𝑡0 ∆𝑇𝑠,𝑡

(13)
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The time steps should, according to EN 1993-1-2 (CEN, 2010), be shorter than 5,0 seconds.
This, since the accuracy of the calculation depends on the number of time steps. A larger time
step would result in insufficient calculation accuracy.
2.3.1 Geometrical derivation of the shadow effect correlation factor
To represent the shadow effect the section factor is used. The section factor is a ratio of the
surface area exposed to the heat flux and volume of member per unit length. For lengthwise
symmetric members with two-dimensional temperature distribution the section factor becomes
𝐴𝑚⁄
𝑉,

(14)

where 𝐴𝑚 represent the perimeter exposed to the fire and 𝑉 is the volume (Fransen & Vila
Real, 2012).
The general geometrical representation of the shadow effect for H-profiles are done by
comparing the section factor of the profile against a boxed section factor. A boxed section
factor is when the fire exposed perimeter of the section is seen as a box around the profile
(Fransen & Vila Real, 2012).
A beam with the two cases, with fire exposure from three sides, can be seen in Figure 4. The
red perimeter line characterise the fire boundary defined as 𝐴𝑚 for the regular section factor
(A) and boxed (B) section factor and respectively. The black area represents the volume
defined as 𝑉.

A
Type equation here.

B
𝜙

Figure 4 Section factor (A) and boxed section factor (B) with two-dimensional fire exposure from three directions

The boxed shape factor, as illustrated in Figure 4, is expressed as
[

𝐴𝑚⁄
𝑉 ]𝑏

(15)

(Fransen & Vila Real, 2012).
By comparing the values of Eq. (14) and (15), a reduction of how much heat that reaches the
profile is obtained as
𝑘𝑠ℎ =

𝐴
[ 𝑚⁄𝑉]
𝑏
.
𝐴
[ 𝑚⁄𝑉]

(16)
8

2.3.2 Application of the shadow effect reduction factor in Eurocode calculations
In accordance to Eurocode 3 (2010) and (Fransen & Vila Real, 2012) the correlation factor is
applied directly into the numerical calculation as seen in Eq. (12). This suggests that the
shadow effect is reducing both the convection and radiation of the total heat exchange.
Wickström (2001) suggests that the convection of the total heat exchange should not be
reduced by the shadow effect reduction factor, since the properties of convection is not
affected by the shadow effect. Convection depends on the ambient gas interaction with the
steel and is interacting with the profile regardless of the geometrical shape of steel profile. The
shadow effect should thereby be interpreted as a reduction of the emissivity of the steel and
only be applied to the radiative part of the total heat exchange.
Combining those arguments with Eq. (11) and (12), the following expression is obtained
∆𝑇𝑠,𝑡 =

𝐴⁄
𝑉𝑚
[𝑘𝑠ℎ 𝜀𝑠 𝜎(𝑇𝑟4
𝑐𝑠 𝜌𝑠

− 𝑇𝑠4 ) + ℎ𝑐 (𝑇𝑔 − 𝑇𝑠 )]∆𝑡.

(17)

2.4 Heat transfer models used in computer simulations
In calculations conducted with computer programs, different models for adaptation of the three
heat transfer modes, presented in section 2.1, are used. The theoretical basis for the ones used
in TASEF and COMSOL Multiphysics are presented in this section.
2.4.1 The finite element method (FEM)
The finite element method, FEM, utilises numerical solutions of differential equations on local
elements in a global system, where the differential equations are presumed to act over the
entire global system. If heat transfer in a rod is considered the heat transfer is presumed to act
over the whole rod i.e. the global system. The heat transfer may not be varying linearly over
the whole rod. To be able to approximate non-linear behaviour of the rod it is divided into
elements and solved individually. Each solution correlates to an element, which are collocated
to a global solution, as illustrated in Figure 5. The methodology of FEM is adaptable in twoand three-dimensional cases as well. Thereby, it is possible to solve complex differential
equations in an approximative manner when it is impossible to obtain an analytical solution
(Ottosen & Petersson, 1992).

Figure 5 Principal element distribution for a bar for one dimensional heat transfer (Mazumder, 2017)
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To utilize FEM with thermal conduction, the strong form of the differential equation for heat
transfer is rewritten into the weak form. The strong and weak form are identical with the
difference that the weak form uses a weight function. The main method for choice of weight
function is the Galerkin method which states that weight functions should be equal to trial
functions (Ottosen & Petersson, 1992).
Furthermore, the weak form of the heat differential equation is applicable for FEM as it only
relies on the Dirichlet boundary condition, which is the temperature in heat transfer, as oppose
to the strong form where the Neumann boundary condition, heat flow, are needed as well.
Since the heat flow can be derived from the temperatures obtained from the solutions there are
no need to additionally solve for the heat flow (Ottosen & Petersson, 1992).
2.4.2 Computational fluid dynamics (CFD)
Computational fluid dynamics, CFD, is the common term for the methodology one uses to
calculate movements within a fluid with laminar or turbulent motion. More precisely, it is an
investigation regarding the interactive movement of many particles (Blazek, 2001).
The implication of the statement above, is that the density of the fluid in question is large
enough to assume that an infinitely small portion of the fluid contains a satisfactory number of
particles to see the fluid as a continuum. Mean velocity and mean kinetic energy can thereby
be defined for the small portion of the fluid. If the mean velocity and kinetic energy is defined
it is possible to define velocity, density, pressure, temperature etc. at each point of the fluid
(Blazek, 2001).
CFD has proven to be a very powerful tool. It is an integral part of engineering design as
companies are striving to predict performance of new design before they are produced on a
large scale (Tu, Yeoh, & Liu, 2013).
To define the dynamics of a fluid, laws of conservation for momentum, energy and
momentum must be considered. The conservation of flow is the net effect of the variation of a
physical quantity passing across the boundary with interaction from sources of internal- and
external forces. The quantity is called flux and can be divided into two parts; convective
transport and diffusive flux (particle motion within the fluid at rest). As earlier described, the
assumption that an infinitely small portion of the fluid contains sufficient number of particles
for it to be a continuum, deductively it makes it possible to divide the fluid domain into
smaller subdomains and assign properties to the fluid. This is done using a finite control
volume (Blazek, 2001).

10

2.4.2.1 The finite control volume
If an arbitrary finite domain, bound by a boundary surface, is placed in an arbitrary flow field
and fixed at its position, it can be defined as a finite control volume with a surface element
denoted 𝛺 and 𝑑𝛺 respectively (Blazek, 2001). This is illustrated in Figure 6.

Figure 6 Finite control volume in an arbitrary flow field (Blazek, 2001)

The conservation of mass states that mass cannot disappear or be created within a fluid system,
under the restriction that it is a single-phase fluid. Also, there cannot be any contribution from
the diffusive flux since its presence would imply a displacement of fluid particles due to
variation of mass at rest (Blazek, 2001).
The momentum equation originates from Newtons second law, stating that the variation of
momentum is caused by the resulting force on the mass element. External forces effecting the
conservation of momentum are:
•
•

Body forces, acting directly on the mass of the fluid e.g. gravitational or buoyancy.
Surface forces, acting directly on the surface of the control volume originating from
e.g. pressure imposed by fluid outside the control (Tu, Yeoh, & Liu, 2013).

The final conservation equation, the conservation of energy is applied to the control volume of
Figure 6 using the first law of thermodynamics. The law states that any changes in time of the
total energy inside the volume are caused by the rate of work of forces acting on the control
volume and by the net flux going into it (Tu, Yeoh, & Liu, 2013).

2.4.2.2 Navier-Stoke’s equations
The three governing conservation equations of mass, momentum and energy can be collocated
into a system to obtain a better overview of all the terms involved. As these governing
11

equations are collocated in a system and that the fluid in question is assumed to be Newtonian,
they are referred to as the Navier-Stoke’s equations, defined in integral form as
𝜕
⃗⃗⃗ 𝑑𝛺
∫ ⃗𝑾
𝜕𝑡 𝛺

⃗ 𝑐 −𝑭
⃗ 𝑣 )𝑑𝑆 = ∫ ⃗⃗𝑸 𝑑𝛺 .
+ ∫𝜕𝛺(𝑭
𝛺

(18)

They describe the exchange of mass, momentum and energy from a fluid to the domain 𝛺
through the surface boundary 𝑑𝛺 of Figure 6. They solve for seven unknowns, 𝜌, 𝑢, 𝑣, 𝑤, 𝐸, 𝑝
and 𝑇 for the flow field of the fluid in three dimensions (Blazek, 2001).

2.4.2.3 Turbulence
Turbulence can be described as random fluctuation within a fluid (Tu, Yeoh, & Liu, 2013).
Turbulent flow is the irregular movement of particles, as opposed to laminar flow where
particles move in a more arranged manner. The turbulent motion causes increased momentum
and energy exchange between the fluid and boundaries, leading to larger friction and heat
transfer. It is possible to calculate turbulent flow, but it is only possible to do with an
approximative methodology due to the restriction of DNS (Direct Numerical Solution). DNS
is only applicable for flows with low values of Reynolds number, whereas turbulent flow is the
opposite, i.e. high values of Reynolds number (Blazek, 2001).
The most common approximate form of turbulent flow is decomposition of the fluid flow
properties, e.g. velocity, into a mean and a fluctuating part (Tu, Yeoh, & Liu, 2013). This
method works if the fluid is incompressible. If a fluid that is compressible is studied another
approach must be applied since the density varies (Blazek, 2001).
An applicable methodology for compressible flow is the use of Favre decomposition with
Reynolds averaging. If certain quantities are applied to the governing Navier-Stoke’s equations
the complexity increases due to the density fluctuations. An effective way is to use a mix of
Reynold’s and Favre’s averaging. Reynolds averaging is used for density and pressure and
Favre averaging are used for other quantities e.g. velocity, internal energy, enthalpy and
temperature. As these methodologies are applied to the Navier-Stoke’s equations, Eq. (18),
they are called Reynolds-averaged form of the Navier-Stokes equations (RANS) combined
with Favre averaging (Blazek, 2001).

2.4.2.4 The k-ϵ turbulence model
The most commonly used model for simulation of turbulence based on the RANS method is
the k-ϵ turbulence model with provides approximate solutions of the turbulent kinetic energy
and turbulent dissipation rate. Its strength lies in its generality of application (Blazek, 2001).
In addition to the presented relations to the governing Navier-Stokes equations of Eq. (18),
the k-ϵ turbulence model features dampening functions for better solving of the viscous stress
layer next to the of the boundary surface. It is however possible exclude the dampening
functions for a more arbitrary solution. If this is done the flow quantity exchange between the
wall and flow are done using wall functions. The wall functions act as a coupling between the
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wall and the fluid. The closest node adjacent to the wall within the fluid delivers values of
turbulent kinetic energy, 𝐾, and turbulent dissipation rate, ϵ, instead of solving for the real
values. The application of wall functions delivers reasonable results given that the grid is rather
fine (Blazek, 2001).
Removing dampening function and utilisation of wall functions leads to the following
expressions of the Navier-Stoke’s equations on differential form.
𝜕𝜌𝐾
𝜕𝑡

𝜕

𝜕

𝜇

𝜕K

𝐹
+ 𝜕𝑥 (𝜌𝑣𝑗 𝐾) = 𝜕𝑥 [(𝜇𝐿 + 𝜎𝑇 ) 𝜕𝑥 ] + 𝜏𝑖𝑗
− 𝜌ϵ
𝑗

𝐾

𝑗

(19)

𝑗

and
𝜕𝜌ϵ
𝜕𝑡

𝜕

𝜕

𝜇

𝜕ϵ

ϵ

𝐹
+ 𝜕𝑥 (𝜌𝑣𝑗 ϵ) = 𝜕𝑥 [(𝜇𝐿 + 𝜎𝑇 ) 𝜕𝑥 ] + 𝐶ϵ1 𝐾 𝜏𝑖𝑗
𝑆𝑖𝑗 − 𝐶ϵ2 𝜌
𝑗

𝑗

ϵ

𝑗

(ϵ)2
𝐾

,

(20)

where turbulent viscosity is defined as
𝜇 𝑇 = 𝐶𝜇 𝜌

𝐾2
ϵ

.

(21)

For remaining constants different types of sub models are available. The Launder-Sharma
model offers great versatility and is most commonly used (Blazek, 2001).
2.4.3 View factors
View factor are the methodology used for calculation of decreases in radiation intensity over
distances using geometrical properties of adjacent surfaces receiving and emitting radiation.

2.4.3.1 Differential area integration
If two grey diffuse surfaces are placed on a distance, the intensity of the irradiation is reduced as
the distance is increased. A way to anticipate the loss of irradiance at the receiving surface is to
use view factors based on differential areas (Holman, 2010).
The concept of view factors based on differential area is illustrated in Figure 7.
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Figure 7 Conceptual sketch of view factors using differential areas (Holman, 2010)

To derive the formula for the view factor between two surfaces with area 𝐴1 and 𝐴2 and
different temperatures, the following definitions are made.
𝐹1−2 = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 1 𝑡ℎ𝑎𝑡 𝑟𝑒𝑎𝑐ℎ𝑒𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 2

(22)

𝐹2−1 = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 2 𝑡ℎ𝑎𝑡 𝑟𝑒𝑎𝑐ℎ𝑒𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 1,

(23)

which is generalised as
𝐹𝑖−𝑗 = 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 𝑟𝑒𝑐𝑖𝑒𝑣𝑒𝑑 𝑏𝑦 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑗.

(24)

To derive a general expression of the fraction of Eq. (24), the elements of area 𝑑𝐴1 and 𝑑𝐴2 ,
illustrated in Figure 7, is considered. The angles 𝜙1 and 𝜙2 are measured between the line 𝑟
and a normal to each surface respectively. The element of 𝑑𝐴1 is projected along the line 𝑟.
Presuming that both surfaces are diffuse, i.e. uniform radiation intensity in all directions, the
thermal radiation is defined as the radiation emitted per unit area and solid angle in a specified
direction. To obtain the intensity against the opposite surface with regards to emissive power, a
hemispheric element is integrated over 𝑑𝐴1 (Holman, 2010).
This leads to the net energy exchange between the surfaces being
𝑞̇ ′′𝑛𝑒𝑡,1−2 = (𝐸1 − 𝐸2 ) ∫𝐴 ∫𝐴 𝑐𝑜𝑠𝜙1 𝑐𝑜𝑠𝜙2
2

1

𝑑𝐴1 𝑑𝐴2
𝜋𝑟 2

.

(25)

= (𝐽1 − 𝐽2 )𝜙1−2,

(26)

Taking the radiosity into account, Eq. (25) becomes
𝑞̇ ′′𝑛𝑒𝑡,1−2 = (𝐽1 − 𝐽2 ) ∫𝐴 ∫𝐴 𝑐𝑜𝑠𝜙1 𝑐𝑜𝑠𝜙2
2

1

𝑑𝐴1 𝑑𝐴2
𝜋𝑟 2

where 𝜙1−2 is the view factor coefficient. For a more condensed and generalised formula, Eq.
(26) is rewritten with the argument of Eq. (24) as
𝑞̇ ′′𝑛𝑒𝑡,𝑖𝑗 = (𝐽𝑖 − 𝐽𝑗 )𝜙𝑖−𝑗 ,

(27)
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2.4.3.2 Hottel’s cross string method
Hottel’s crossed-sting method is used to calculate view factors in two-dimensions under the
regulation that all surfaces are facing one another, i.e. that the angle of Figure 8 is 𝜃𝑖 < 180°.
F𝑖𝑗 is the view factor used between surfaces A𝑖 and A𝑗 illustrated in Figure 8 (Wickström,
1979).

Figure 8 Calculation of view factors using Hottel’s Cross-String Method (Wickström, 1979)

2.5 Thermal Analysis of Structures Exposed to Fire (TASEF)
TASEF is a two-dimensional FE (Finite element) code for analysing thermal response of fire
exposed structures. TASEF has the possibility of simulating heat exchange in internal voids
within structures.
TASEF code is used with the program TASEF+. TASEF+ offers a graphical interface which
uses a form-based methodology to provide input data to TASEF. One form offers the
possibility to visualise the model geometry and thereby decreasing the risk of error within the
input parameters (Virdi & Wickström, 2013).
2.5.1 Heat transfers in structures
The heat transfer of the structures in TASEF is conducted with the principals of FEM as it is
described in section 2.4.1. A difference as opposed to many other FEM models is that TASEF
utilises specific volumetric enthalpy instead of specific heat (Wickström, 1979)[2].
This means that the governing differential equation of heat is
∇𝑞̇ + 𝑒̇ − 𝑄̇ = 0,

(28)

where
𝑒̇ = 𝑐𝑝 𝑇̇.

(29)

With Eq. (1), (28) and (29) the governing differential equation for heat transfer rewritten to
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−∇𝑇 𝑘∇𝑇 + 𝑐𝑝 𝑇̇ − 𝑄̇ = 0

(30)

where the superscript ”·” is correlated to the time derivative and “T” the transpose. Eq. (30) is
then reformulated into matrix form of the weak formulation with the Galerkin method for
weight function to be adapted to FE-calculation, leading to
𝜕

𝑲𝑪−𝟏 𝑬 + 𝜕𝑡 (𝑬) = 𝑭

(31)

where 𝑲 is the conductivity matrix, 𝑪−𝟏 is the inversed nominal heat capacity matrix and 𝑭 is
the sum heat flow from internal and external heat sources written on matrix form.
2.5.2 Heat transfers within voids
The heat exchange within voids is based on the interaction of thermal radiation and
convection between elements included in the void. The effect of convection is insignificant
due to the low movements of the air within the void and thereby the only interaction
considered is thermal radiation (Wickström, 1979)[1].
The thermal radiation interaction is conducted using Hottel’s crossed-string method, section
2.4.3.2, to account for the decrease in radiation intensity over distance. Wickström (1979)[1]
describes the radiative flow between each surface of the void as
𝛿𝑘𝑗

∑𝑁
𝑗=1 (

− F𝑘𝑗

𝜀𝑗

1−𝜀𝑗 𝑄𝑟𝑗
)𝐴
𝜀𝑗
𝑗

4
= ∑𝑁
𝑗=1(F𝑘𝑗 − 𝛿𝑘𝑗 )𝜎𝑇𝑗

(32)

where, 𝑄𝑟𝑗 is the thermal radiation received at surface 𝑗, 𝑗 denoted the receiving surface, the
values 𝑘 represent the corresponding surface of the 𝑁 surfaces of the void. 𝛿𝑘𝑗 is the Kronecker
delta which is defined as 1 if 𝑘 = 𝑗 and 0 if 𝑘 ≠ 𝑗. To utilize the calculation in the FEM
analysis the factors of Eq. (32) is associated to nodal temperatures (Wickström, 1979)[1].
If one does the following definition,
𝑛𝑟𝑖 = 𝑇𝑖4 ,

(33)

it is possible to write Eq. (32) on matrix form for all surfaces of the void (Wickström, 1979)[1].
The matrix form is
𝑿𝑸𝑟 = 𝒀𝒏𝒓

(34)

where
𝛿

𝑋𝑘𝑗 = ( 𝜀𝑘𝑗 − F𝑘𝑗
𝑗

1−𝜀𝑗
𝜀𝑗

)

(35)

and
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𝑌𝑘𝑗 = (F𝑘𝑗 − 𝛿𝑘𝑗 )𝜎.

(36)

𝑸𝑟 and 𝒏𝒓 of Eq. (34) represent the vectors with components of the 𝑁 surfaces within the
void, where 𝑸𝑟 is the heat flux radiated to the surfaces and 𝒏𝒓 is the temperature, defined in
kelvin, to the power of four as defined in Eq. (33).
𝑸𝑟 is defined as
𝑸𝑟 = 𝑽𝒏𝒓 ,

(37)

where 𝑽 the view factor matrix and is defined as
𝑽 = 𝑿−1 𝒀.

(38)

Using Eq. (38) makes it possible to calculate the heat exchange between the all the surfaces of
the void taking the distance and angle between them into account.
2.5.3 Time transient solution technique
Regarding solution technique TASEF uses a step by step, coupled integration scheme under
the assumption that nodal heat flow and specific volumetric enthalpy is varying linearly within
each time step (Wickström, 1979)[2].
Eq. (31) is approximated to be equal to
𝑲∗𝑡 𝑬𝑡 +

(𝑬𝑡+∆𝑡 −𝑬𝑡 )
∆𝑡

= 𝑭𝑡 ,

(39)

where a forward difference Euler method is used. Rearranged to solve for specific volumetric
enthalpy Eq. (39) becomes
𝑬𝑡+∆𝑡 = ∆𝑡(𝑭𝑡 − 𝑲∗𝑡 𝑬𝑡 ) + 𝑬𝑡 .

(40)

Since,
𝑬 = 𝑪𝑻,

(41)

where 𝑪 is the nominal specific heat capacity matrix, the temperature matrix of Eq. (41) is
equal to
𝑻𝑡+∆𝑡 = 𝑪−𝟏 𝑬𝑡+∆𝑡 .

(42)

The specific heat capacity is temperature dependant and thereby iteration is needed to obtain
the final temperature matrix and it is done by doing the following iteration scheme on Eq. (42)
𝑗+1

𝑗

𝑻𝑡+∆𝑡 = 𝑪−𝟏 (𝑻𝑡+∆𝑡 )𝑬𝑡+∆𝑡 .

(43)
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2.6 COMSOL Multiphysics
COMSOL Multiphysics is a user-friendly environment for modelling and solving physics
problems. To solve the physics problems COMSOL utilizes numerical methods such as FEM
and CFD to solve for PDE, Partial Differential Equations, of different physical origin. The
COMSOL Multiphysics environment is mostly question based, meaning that a lot of
modelling can be conducted without any programming and instead by checkboxes and
rolldown menus. Geometry, material properties, physics etc. are added to a tree-based system
with sublevels within each branch. By adding a branch to the system, e.g. a material, the
program will offer alternatives of material properties. These are applied by clicking the
graphical representation of the model which is always visual, as seen in Figure 9 (COMSOL,
2015).

Figure 9 Drawing environment of COMSOL Multiphysics (COMSOL, 2015)

2.6.1 Heat transfer in solids and fluids
COMSOL Multiphysics uses FEM to solve the partial differential equations, PDE, for both
time-transient and stationary problems (COMSOL, 2015).
For heat transfer in solids, i.e. thermal conduction, the governing PDE is
𝜕𝑇

𝜌𝑐𝑝 ( 𝜕𝑡 + 𝒖𝑡𝑟𝑎𝑛𝑠 ∇𝑇) + ∇(𝑞̇ 𝑐𝑜𝑛𝑑 + 𝑞̇ 𝑟𝑎𝑑 ) = 𝑄𝑡𝑒𝑑 + 𝑄.

(44)
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Eq. (44) is the governing PDE, similar to the PDE used in TASEF except for the additional
term of
𝒖𝑡𝑟𝑎𝑛𝑠 ∇𝑇

(45)

and
𝜕𝑆

𝑄𝑡𝑒𝑑 = 𝛼𝑡𝑒 𝑇: 𝜕𝑡 .

(46)

Eq. (45) describes translateral motion of thermal gradients and Eq. (46) describes the thermoelastic effects in solids (COMSOL, 2015).
In COMSOL, the governing PDE of Eq. (44) is modulated to be better adapted to fluids and
gases. The governing PDE heat transfer in fluid is
𝜕𝑇

𝜕𝑝

𝜌𝑐𝑝 ( 𝜕𝑡 + 𝐮∇𝑇) + ∇(𝑞̇ 𝑐𝑜𝑛𝑑 + 𝑞̇ 𝑟𝑎𝑑 ) = α𝑡𝑒 𝑇 ( 𝜕𝑡 + 𝒖∇p) + 𝜏: ∇𝒖 + 𝑄.

(47)

And is derived from Eq. (44) under two assumptions. The first is that the Cauchy stress tensor
is divided into a static and a deviatory part (COMSOL, 2015).
Thus,
𝜎𝑐 = −𝑝𝑰 + 𝜏

(48)

The other assumption is that the temperature, 𝑇, and the pressure, 𝑝, is the dependable
variables (COMSOL, 2015).
Just as for Eq. (44) the thermoelastic effects are added to the governing equation, but via
𝜕𝑝

α𝑡𝑒 𝑇 ( 𝜕𝑡 + 𝒖∇p)

(49)

for fluids.
The governing equations for solids Eq. (44) and fluids Eq. (47) are rewritten on weak form
with the Galerkin method as it is described in section 2.4.1.
2.6.2 Surface-to-Surface radiation
COMSOL Multiphysics utilises view factors for grey diffuse surfaces with differential area
integration, described in section 2.1.3 and 2.4.3.1, when dealing with thermal radiation
between parallel surfaces. The areas interacting with each other are the surface areas of each
element in the model, i.e. the areas of each element create a view factor relation to one
another. The view factor relations are written in matrix form and the thermal radiation
interactions are solved for.
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COMSOL has an additional way of dealing with thermal radiation from the ambient
environmental temperature. The ambience temperature in these cases is related to areas within
the model, e.g. to gas adjacent surfaces, and are not to be confused with the boundaries of the
model. To determine the view factor from the ambient environment, view factors from the
surface adjacent to the ambient media are used. The projections of the surfaces represent the
irradiance to the surfaces and thereby the following expression is obtained,
𝐹𝑎𝑚𝑏 = 1 − 𝐹𝑖−𝑗 .

(50)

The ambient view factor is used to create energy balance within the system. The view factor
evaluation is thereby done with two separated view factors relating to the surfaces and the
ambient environment. (COMSOL, 2015).
2.6.3 Convection using the Multiphysics coupling non-isothermal flow with the k-ε turbulence
model
COMSOL Multiphysics utilises several turbulence models at different levels of complexity. As
for the k- ε turbulence model it is applied as described in 2.4.2.4. Depending on the choice of
physics modules, it is possible to couple the physic modules and make them interact
(COMSOL, 2015).
An interaction that is important for the model regarding fire modelling is the heat exchange
between air and surface, i.e. convection. Instead of using Newton’s law of cooling, Eq. (2), it is
possible simulate this interaction in COMSOL with the use of a Multiphysics coupling
between turbulent flow and heat transfer called Non-isothermal flow. The non-isothermal
flow adds a heat flux extension to the existing wall functions used in the k- ε model
(COMSOL, 2015). This allows a heat exchange between the surface and the fluid creating an
additional model for convection.
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3 Method
3.1 Beams and material properties of steel
3.1.1 Beams
Three different sized beams, HEB 100, 200 and 300 were used in this thesis. These sizes are
commonly used and offers a geometric variety that can show how the shadow effects changes
due to geometric changes. The dimensions were obtained from tables produced by steel
manufacturer TIBNOR, see Table 1.
Table 1 Dimensions of HEB-beams and correlating picture (TIBNOR, 2011)

HEB 100 HEB 200

HEB 300

b [mm] 100

200

300

h [mm] 100

200

300

t [mm]

15

19

9

11

10

d [mm] 6

3.1.2 Test setup for calculations and simulations
The test setup for the calculations and simulations were decided to be a fire furnace test, since
test data from a test conducted at the RISE Fire Research facility in Borås was acquired. In the
test the HEB-beam was placed under a light weight concrete slab of 20 cm and subjected to
the ISO-834 standard fire curve, see Figure 10.
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Figure 10 The standardised time-temperature curve for fires, ISO-834

The sketch in Figure 11 illustrates the concept of the test setup.
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Figure 11 Two-dimensional sketch for test setups for calculations and simulations

3.1.3 Material properties

3.1.3.1 Steel
The material properties of steel were temperature dependent as described in EN-1993-1-2, see
Figure 12 for the specific heat and Figure 13 for the thermal conductivity.
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Figure 12 Specific heat of steel in accordance to Eurocode (CEN, 2010)
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Thermal conductivity of steel
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Figure 13 Thermal conductivity of steel in accordance to Eurocode (CEN, 2010)

Not all simulation programs utilise the specific heat as a material property of heat transfer. In
TASEF+ specific volumetric enthalpy are used and therefore this was obtained for the steel as
well. The volumetric enthalpy is a quantity which is calculated by integration of the density
and the specific heat capacity (Sterner & Wickström, 1990), as seen in Figure 14.
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Figure 14 Specific volumetric enthalpy of steel (Wickström, 2016)

3.1.3.2 Light weight concrete
In the same way the material properties of steel were obtained from Eurocode the material
properties of concrete were obtained from EN-1991-1-2 (2009). Eurocode offers two different
thermal conductivity curves. It is recommended to use the one which produces a lower
thermal conductivity, since it has been proven to be more accurate. With that in mind the one
with lower conductivity was chosen. As for the specific heat capacity of concrete, a modified
curve was chosen which had moisture content equivalent of 1.5%. The modified specific heat
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Cc [J/kg*K]

curve with its characteristic peak due to the moisture evaporation are seen in Figure 15 and the
thermal conductivity curve is seen in Figure 16.
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Figure 15 Specific heat for concrete in accordance to Eurocode (CEN, 2009)
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Figure 16 Thermal conductivity for concrete in accordance to Eurocode (CEN, 2009)

As stated earlier, TASEF+ utilizes the specific volumetric heat enthalpy. Values for concrete
with a density of 2300kg/m3 and with moisture content of 1,5 % was obtained from
Wickström (2016)and recalculated in TASEF+ using the density of 535kg/m3 which is
equivalent with light weight concrete. The resulting curve are seen in Figure 17.
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Figure 17 Specific volumetric enthalpy for concrete in accordance to TASEF-calculation

3.2 Eurocode calculations
The first calculation procedure was done with the numerical calculation assuming lumped heat
with the shadow effect reduction factor presented in EN-1993-1-2. For better overview of the
calculations the procedure was conducted in spreadsheet software. Eq. (12) were placed in
corresponding columns, with corresponding time steps of 5,0 seconds for summation according
to Eq. (17) seconds as recommend in Eurocode. Additionally, a column with Eq. (12) were
added but without reduction factor, Eq. (16). This was done to have a reference for
temperature development were the shadow effect is not accounted for. The different
components of Eq. (12); Eq. (14), Eq. (15) and Eq. (16), were calculated with fire exposure
from three sides. This, since the test setup were decided to be a replication of a fire furnace test
with a light weight concrete slab on top, as seen in Figure 11. The values of these calculations
are presented in Table 2.
Table 2 Geometrical properties of the different HEB-beams

HEB 100

HEB 200

HEB 300

[Am/V]

180

174

96

[Am/V]b

115

108

60

ksh

0,64

0,62

0,63

Further, the specific heat of steel was applied with the temperature dependence described in
Figure 12. This was done using spread sheet calculations, deciding which value of specific heat
were to be applied with regards to the steel temperature calculated in the previous time step.
Each time step was summarised to acquire temperatures over 60 minutes.
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3.3 TASEF+ simulations
As the calculations for Eurocode was conducted, the setup using a “dummy plate”, which was
introduced by Wickström (2001), for simulation of the HEB-beams in TASEF+. The
procedure used in this thesis is described below, but a more program orientated description of
the dummy plate setup are found in Appendix 1
The TASEF-model uses thermal conductivity and specific volumetric enthalpy as the two
main material properties for heat transfer. The quantities were added to TASEF+ as described
in Figure 13 and Figure 14 for steel and Figure 16 and Figure 17 for the light weight concrete.
The material properties of the dummy plate were set so the interference, with regards to heat
transfer, would be minimal. It was done by setting the thermal conductivity to 0 W/mK and
the specific volumetric enthalpy to slowly increase to 100 MJ/m3 as temperature increases from
0 to 1200 °C. The slow increase of specific volumetric enthalpy was to ensure numerical
stability during the simulation.
As the material properties were defined, the conceptual setup of Figure 11 was added to
TASEF+. To apply a boxed fire boundary, as seen in Figure 4, a dummy plate was placed
outside of the flanges and thereby a cavity was created, defined as a void, within the profile.
Further, the slab of concrete was placed on the upper flange to simulate the fire furnace setting.
For calculation efficiency, symmetry around the y-axis was utilized. When the basic geometry
was defined, the materials were assigned to corresponding regions. To establish a finer grid,
and thereby increase calculation accuracy, additional gridlines were added. TASEF+ itself add
gridlines with regards to geometric regions but some parts, e.g. corners, need a more refined
grid to obtain calculations with satisfactory results. The geometry with gridlines are seen in
Figure 18.

Figure 18 Geometrical setup and finalised geometry in TASEFplus
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The next step conducted was to apply boundary conditions to the model. The boundary
conditions were assigned to singular nodes or a group of nodes in a table-based manner.
First, the exteriors of both the beam and the lower part of the slab were assigned a heat flux
boundary based on Eq. (11) with a temperature increase equal to the standard fire curve, seen
in Figure 10. The emissivity of the steel was set to 0,8. The convective heat transfer
coefficient, ℎ𝑐𝑜𝑛 , was defined as 9 W/mK for the exteriors of the profile since Eurocodes
recommends this for general cases and due to the fact that lower values of ℎ𝑐𝑜𝑛 have proven to
give better steel temperature predictions than when 25 W/mk are used. For the interiors of the
profile ℎ𝑐𝑜𝑛 were set to 4 W/mK since natural convection are presumed to occur.
Next, the void enclosed by the flanges and dummy plate were defined. After the void was
defined a heat flux, containing only the convective part of Eq. (11), was added to the interiors
of the steel profile. To complete the boundary condition as it is described in Eq. (11), the
radiative part was assigned to the dummy plate as described by Sandström & Wickström
(2015). As the void was earlier defined, the dummy plate part of the void was assigned an
individual node group. This was done to give the dummy plate its own emissivity. The
emissivity was set to 1,0, since the thermal radiation is supposed to come from the ambient
environment and therefore there is not any surface properties, thus assuming a black body, i.e.
surface with emissivity of 1.0, valid. This part of the setup is further explained and illustrated in
Appendix 2
The second part of assigning the radiative part of Eq. (11) to the dummy plate, was to assign a
temperature boundary to the surface. The time-temperature heat flux boundary was assigned
to increase in accordance to the standard fire curve, see Figure 10.
All cross-sections were simulated with the setup described above. The node temperatures
chosen for analysis are shown in Figure 19.

Figure 19 Nodes where the steel temperature was obtained from TASEF-simulation
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3.4 COMSOL calculations
After the simulations was done in TASEF, an adaptation of the dummy plate setup was further
developed for COMSOL Multiphysics to make a more realistic model. The new model was
based on the separated boundary condition approach with the radiative heat flux as a boxed
boundary condition. A CFD-model was added to simulate the fluid flows of the postulated
void within the profile. Even though the void assumption had shown adequate results, a
general turbulence model was added to simulate any eddies formed within the profile.
Furthermore, the dummy plate was removed and an approach with a surface boundary
condition was implemented for the external boundary conditions. The implementation of the
two- and three-dimensional model is described in a program orientated way in Appendix 1
In the same way as in the TASEF-simulations, the temperature dependent material properties
were added to the model. However, oppositely to TASEF the specific heat capacity was used
instead of the specific volumetric enthalpy. The quantities were added to a spreadsheet
software with material properties for steel and concrete, as described in Figure 12, Figure 13,
Figure 16 and Figure 15 and imported into COMSOL Multiphysics via the .xlsx-file. The
procedure was the same for both three- and two-dimensional simulations. When all
temperature dependent quantities were added, the ISO-834 standard fire curve was added as
the heat flux boundary.
After the material properties were added, the material properties were added from COMSOL
Multiphysics’s own inbuild material library. The materials were added as both domain and
surface. This, since thermal radiation are regulated by surface properties rather than domain
properties. The materials obtained from the material library was then modified to be
temperature dependant according to the imported data of specific heat capacity and thermal
conductivity
The emissivity was assigned for the surfaces. It was chosen to be 0,8 for steel and concrete and
1,0 for air. Regarding the emissivity of the air surface it is set to 1,0 based on its transparency.
3.4.1 Two-dimensional setup
After the material properties were assigned to COMSOL Multiphysics, the conceptual model
of Figure 11 was set up in the two-dimensional version of COMSOL Multiphysics, henceforth
referred to as COMSOL(2D). This was primarily done since the two-dimensional calculation
times are lower than the three-dimensional ones and thereby offers an efficient ongoing
parametric study and model assessment.
Each geometrical component was added to the geometry. The symmetry of the y-axis was
considered to get a more computationally efficient model. The geometry is illustrated in Figure
20.
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Figure 20 Drawing based geometric environment in COMSOL Multiphysics

When the geometrical model was completed the materials were assigned to the corresponding
components.
With the geometry done and materials assigned to all components, the physics models were
implemented in the model. The modules required for the setup was “Heat transfer” and
“Turbulent flow”. As the heat transfer module was selected, the sub model of surface-tosurface radiation was included too. The method for surface-to-surface were chosen to be direct
area integration, i.e. differential area integration, described in section 2.4.3.1.
The heat transfer was then assigned to the model depending on whether the material was
defined as a solid or a fluid, since the heat transfer differs depending on the state of the matter.
The initial values for the solids (concrete and steel) were set to 293,15° K. The fluids (air)
where set to increase over time in accordance to the standard fire curve, seen in Figure 10.
The next step was to assign boundary conditions, the first one assigned was the symmetry
boundary for the y-axis. Next, the convective part of the total heat exchange in Eq. (11) was
assigned to the exteriors of the beam and the lower part of the light weight concrete.
The convective heat transfer coefficient was set to 9 W/mK. The ambient temperature of the
fire furnace was set to be represented by the standard fire curve, seen in Figure 10. The interior
of the beam profile was not assigned any convective heat flux boundary according to Eq. (2),
since the CFD-model would represent the convection on the interior surfaces. An assumption
of an external boundary temperature of 293,15 K was applied to the top of the concrete slab.
After the convective heat transfer boundary condition was applied, the radiative part of the
total heat exchange of Eq. (11) was assigned to the exterior of the profile and air surface
boundary condition. The radiation temperature was set to be represented by the standard fire
curve.

29

Subsequently, the radiative exchange between the interior of the web and flanges were
defined. This was done by defining the interior as a diffuse surface with surface-to-surface
radiation properties as described in section 2.1.3.1 and 2.4.3.1 and with the ambient view
factor included as described in Eq. (50) for energy conservation balance in the model. The
ambient temperature was set to rise accordance to the standard fire curve. The surfaces were
set to be opacity controlled, meaning that the emissivity is the quantity deciding the
absorptivity, emissivity and reflectivity of the surface.
An CFD-model, with turbulence considered, was then applied to the interior of the profile.
The general k-ε turbulence model was applied to the air domain within the profile. Since the
generalised form of the k-ε turbulence model were used, the requirement of wall functions
arose. These was applied via the wall boundary condition connecting the wall to the fluid. An
inlet boundary condition was added and the quantity regulation the inlet flow was chosen to
be a reference pressure of 1 atm since the fire exposure is simulated by temperature and not
any fluid flow velocities.
To connect the heat transfer and the turbulent flow modules, a Multiphysics coupling called
non-isothermal flow was applied. With the use of this coupling the flow is affected by the
temperature from the walls as a heat flux wall function was used. This created a simulation of
the convective heat exchange between the air and the wall as it is described in section 2.6.3.
The last step was to apply a mesh to the geometry. COMSOL Multiphysics offers a physicsbased meshing technique. This meaning that depending on which physics that are applied to
the model the meshing is conducted differently, e.g. for CFD-models meshing are done with
small rectangular elements close to walls, as seen in Figure 21. For each of the beams, the most
refined mesh (Extremely fine) were chosen to acquire the highest solution accuracy.
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Figure 21 Mesh of the geometry applicated in COMSOL Multiphysics

A time-transient solver was chosen in the study section of COMSOL(2D) and temperatures
were printed for each minute over 60 minutes. The model was then computed and
temperatures for each of the assigned points of the web and flanges, seen in Figure 22, were
then evaluated in graphical form and exported to a .txt-file.

Figure 22 Temperatures extracted from central points of web and flanges in COMSOL
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3.4.2 Three-dimensional setup
After the model in COMSOL(2D) were completed, the model was set up in the same manner
but in three dimensions, henceforth called COMSOL(3D). For comparability the twodimensional model was extruded by 0,5 m depth wise.
The geometry was set up with the use of the three-dimensional CAD based drawing
environment in COMSOL(3D), illustrated in Figure 23. The symmetry around the y-axis
were considered in this case too.

Figure 23 Three-dimensional CAD based drawing environment in COMSOL(3D)

Points for temperature extraction was applied in the centre of the web and flanges just as in the
other simulations with the exception that the points were placed as at a depth of 0,25 m, i.e. in
the centre depth wise. After the geometry was completed the materials defined in section 3.4.1
was assigned to each of the parts. The heat transfer and turbulence module were added in an
identical way as in section 3.4.1. After the physics modules was added, the boundary
conditions were assigned. First, the symmetry boundary was assigned, both for the y-axis but
also one additional depth wise symmetry boundary condition was assigned.
After symmetry boundary conditions were added, the convective part of the total heat
exchange, Eq. (11) was added. Just as in COMSOL(2D) the convection was added to the
exteriors only and not on the inside of the profile since the CFD-model were to handle the
internal convection. With regards to the convective heat transfer coefficient and ambient
temperature the same ones were used as in COMSOL(2D) i.e. 9 W/mK and the standard fire
curve respectively.
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After the external convective heat flux was assigned to the profile the external radiative heat
flux part of Eq. (11) was assigned to the exteriors as well, creating a boxed boundary condition.
After the external thermal exposure was defined, the internal radiation exchange between the
surfaces was assigned to the web and flanges in the same way as it was done in COMSOL(2D).
The next step was to add the CFD model. Just as in the COMSOL(2D) model the LaunderSharma k-ε model was applied to the air domain. Boundary conditions for inlet and walls were
applied in the same manner as it was done in the COMSOL(2D)-model.
The interiors of the web and flanges were assigned wall boundary conditions to connect the
wall properties to the fluid model. As oppose to the COMSOL(2D) CFD-model, the
COMSOL(3D) CFD-model required a depth wise symmetry boundary condition and was
thereby added. The Multiphysics coupling between the heat transfer and turbulence flow were
performed in the exact same way as it was in COMSOL(2D).
The final step was to assign a mesh to the model and the solve for temperatures. Just as
mentioned before COMSOL Multiphysics comes with an automatic meshing system which
was utilised in the COMSOL(3D)-model. Due to lack of computational power the mesh
could not be as refined as in the COMSOL(2D) model, after several tests the most refined
mesh deemed feasible was the “Coarse” one, illustrated in Figure 24.

Figure 24 Application of mesh in COMSOL(3D)

To solve for the temperatures, a time-dependant solver was used and temperatures were
printed for each minute over 60 minutes. The results were then evaluated in graphical form
and exported to a .txt-file.
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3.5 Methodology Criticism
The methodology based on the use of a boxed section factor and total heat exchange separated
into radiative flux and convection and thereby account for shadow effects within the profile
has been proven to work before by Wickström (2001), and Jansson, Touvinen, & Wickström
(2009). Naturally, this method established a solid basis to further evaluate the method of
predicting steel temperatures with higher accuracy. Since, publications regarding shadow
effects are few, the basis to evolve the method of steel temperature predicament are thereby
very small.
Regarding the new method developed during this project, the methodology is sound but due
to lack of computational power and time the CFD-modelling process in COMSOL
Multiphysics are very generalised and to further increase the accuracy, more investigation is
needed. The usage of COMSOL for simulation is deemed a good choice as it can handle both
CFD and FEM simultaneously and it also provides user friendly environment. However, the
increased user friendliness makes is hard to see what underlying physics principles are being
used in the model. A lot of calculation choices are automatically set to default which makes it
important that the user is observant and careful when choosing input data and sub models. On
the contrary, TASEF+ makes the user do a lot of more settings manually and the whole postprocessing of results must be handled manually and thereby forces the user to consider each
parameter of input data or sub model choice more carefully. Conclusively, the background for
the basis of the methodology regarding shadow effects are a bit thin since the area has not been
investigated extensively. However, the existing methods produces good results and COMSOL
Multiphysics is an effective way to simulate but one must be observant and careful with indata
and sub model choices.

34

4 Notable results using a boxed section factor as a fire boundary
condition
4.1 Results presented at Interflam conference in 2001
Wickström (2001) used TASEF and fire furnace tests to confirm that a boxed section factor
produced adequate results. The setup in TASEF was conducted by creating a “dummy plate”
to act as the corresponding radiative heat flux outside on the exterior of the steel profile.
Further, it was assumed that a void was created within the profile and that the convection
would have a significantly lower effect on the internal surfaces than the external surfaces. To
adjust for this a lower value of the convective heat transfer coefficient, ℎ𝑐 , was applied within
the void. Thereby, the radiative flux and convection were assigned as mixed boundary
conditions. The setup is illustrated in Figure 25.

Figure 25 TASEF setup with dummy plate (Wickström, 2001)

4.2 Validation of Adiabatic Surface temperature on HEB200 beam.
As a part of the validation of the adiabatic surface temperature concept, the setup seen in
Figure 25 were used to analyse a HEB200 beam. Extensively, the setup again produced
adequate results using adiabatic surface temperature as a fire boundary in a Room/Corner
standard ISO 9705 test. This further proved that the boxed section factor is an adequate
method (Jansson, Touvinen, & Wickström, 2009).

35

5 Experimental fire furnace test of HEB300 beam
As a part of a round robin project a HEB 300 beam was subjected to a fire furnace test in
accordance with EN 1365-3, in a horizontal fire furnace at RISE fire research facility in Borås.
The beam was exposed to fire horizontally and vertically from below but was protected by a
light weight concrete slab that was placed on the upper part of the beam. The beam was
subjected to the standard fire curve ISO 834 for 32 minutes and two point loads equal to a
bending moment of 140 kNm in between them, as seen in Figure 26.

Figure 26 Test setup of the fire furnace test part of the round robin project (Boström & Lange, 2015)

Temperatures that were measured mid-span and the furnace temperature related to the ISO
834 standard fire curve shown in Appendix 2.
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6 Results
In the sections below the results from all calculations/simulations will be presented.

6.1 Results of numerical lumped heat calculations in accordance to Eurocode
calculations
The resulting temperature for profiles with the different methodologies, theorised in section
2.3, regarding the application of the shadow effect are presented in this section. The series of
the diagrams below are defined as:
•
•
•

“Wickström” correlates to the approach where the shadow effect reduction factor is
applied to the thermal radiation part of the total heat exchange as seen in Eq. (17).
“Eurocode” correlates to the method were the shadow reduction factor is applied to
the total heat exchange as seen in Eq. (12).
“No shadow effect” correlates to heating when that shadow effect reduction factor is
left out of Eq. (12)

The results of the three calculation procedures for the HEB 100 size beam are presented in
Diagram 1.
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Diagram 1 Numerical calculation results for HEB 100

The results of the three calculation procedures, theorised in section 2.3, for the HEB 200 size
beam are presented in Diagram 2
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Diagram 2 Numerical calculation results for HEB 200

The results of the three calculation procedures, theorised in section 2.3, for the HEB 300 size
beam are presented in Diagram 3.
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Diagram 3 Numerical calculation results for HEB 300

6.2 Results of two-dimensional simulations
The results for the TASEF and COMSOL(2D) simulations in two dimensions are presented in
this section. The temperature for central nodes of web and flanges, as presented in Figure 19
for TASEF and in Figure 22 for COMSOL(2D) for each beam size are presented in the
diagrams below.
The temperatures obtained from TASEF for the HEB 100 beam are presented in Diagram 4.
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Diagram 4 Temperatures of the HEB 100 beam obtained from TASEF

The temperatures obtained from TASEF for the HEB 200 beam are presented in Diagram 5.
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Diagram 5 Temperatures of the HEB 200 beam obtained from TASEF

The temperatures obtained from TASEF for the HEB 300 beam are presented in Diagram 6.
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Diagram 6 Temperatures of the HEB 300 beam obtained from TASEF
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The temperatures obtained from COMSOL(2D) for the HEB 100 beam are presented in
Diagram 7 below.

Temperature [◦C]

COMSOL(2D) simulation results of HEB 100
1000
900
800
700
600
500
400
300
200
100
0
0

10

20

30

40

50

60

Time [min]
Web (100)

L.Flange (100)

U.Flange (100)

Diagram 7 Temperatures of the HEB 100 beam obtained from COMSOL(2D)

The temperatures obtained from COMSOL(2D) for the HEB 200 beam are presented in
Diagram 8 below.
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Diagram 8 Temperatures of the HEB 200 beam obtained from COMSOL(2D)

The temperatures obtained from COMSOL(2D) for the HEB 300 beam are presented in
Diagram 9.

40

Temperature [◦C]

COMSOL(2D) simulation results for HEB 300
1000
900
800
700
600
500
400
300
200
100
0
0

10

20

30

40

50

60

Time [min]
Web (300)

L.Flange (300)

U.Flange (300)

Diagram 9 Temperatures of the HEB 300 beam obtained from COMSOL(2D)

The upper flange produces a lower value since it is connected to the light weight concrete slab
which is cooling the steel by conducting heat away from the steel but also since it protects the
flange from direct fire exposure.

6.3 Results of three-dimensional simulations
The time-temperature curves created from temperatures acquired from the simulations in
COMSOL(3D) are presented below. The temperatures were extracted from points seen in
Figure 22 in the cross-section of the centre depth wise of the three-dimensional model
The temperatures obtained from COMSOL(3D) for the HEB 100 beam are presented in
Diagram 10.
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Diagram 10 Temperatures of the HEB 100 beam obtained from COMSOL(3D)

The temperatures obtained for the HEB 200 beam are presented in Diagram 11.
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Diagram 11 Temperatures of the HEB 200 beam obtained from COMSOL(3D)
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The temperatures obtained from COMSOL(3D) for the HEB 300 beam are presented in
Diagram 12.
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Diagram 12 Temperatures of the HEB 300 beam obtained from COMSOL(3D)

The upper flange produces a lower value since it is connected to the light weight concrete slab
which is cooling the steel by conducting heat away from the steel but also since it protects the
flange from direct fire exposure.
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7 Analysis
7.1 Model evaluation for COMSOL-simulations by mesh convergence analysis
The COMSOL Multiphysics models are new and there has not been any simulation in the
perspective of shadow effects conducted in COMSOL Multiphysics before. Thereby, they are
further evaluated via mesh convergence analysis to see to that the accuracy of the model is
mesh independent.
The mesh convergence analysis was done with several different mesh sizes. Three different
sizes were used for investigation, one with larger elements and two with more refined
elements.
7.1.1 COMSOL(2D) mesh analysis

Temperature[°C]

For the mesh sizes in COMSOL(2D) the “Extremely fine”, ”Extra Fine” and “Normal” ,
meshes were compared. There are 9 grades of mesh refinement and the ones selected
corresponds to 9,8 and 5 where 9 is the most refined mesh. The comparison is seen in Diagram
13.
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Diagram 13 Mesh convergence results from COMSOL (2D)

The different meshes produces very similar results with all mesh sizes but the most refined ones
are the most similar and indicates that mesh convergence are occurring.
7.1.2 COMSOL(3D) mesh analysis
For the mesh sizes in COMSOL(3D) the “Coarse”, “Coarser” and “Extremely coarse” meshes
were compared. There are 9 grades of mesh refinement and the ones selected corresponds to
4,3 and 1 where 9 is the most refined mesh. A more refined mesh was not able use due to lack
of computational power. The comparison is seen in Diagram 14.
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Diagram 14 Mesh convergence results from COMSOL (3D)

The different meshes produces very similar results for the “coarse” and “coarser” mesh sizes
but the “extremely coarse” does not for the upper flange. The curves are similar and that is an
indication that mesh convergence are occurring.

7.2 Assessment of COMSOL-models regarding resemblance to TASEF-model
Since TASEF is a validated model which has proven to be accurate in fire simulation scenarios,
the new model approach conduced in COMSOL Multiphysics is compared to TASEF. The
different simulations with the three models are collocated into diagrams below categorised with
respective beam size.
In Diagram 15 the steel temperatures of the web and flanges of the HEB 100 beam calculated
with the three different models are collocated.
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Diagram 15 Variation of steel temperatures in HEB 100 beam for the different models
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All models have produced similar curves and with minor temperatures differences for the HEB
200 beam. There are fluctuations in results for the first 30 minutes but after that curves
converges. The lower flange of the COMSOL(3D) does not show the same curve drop as the
other models at 735° C. Both COMSOL(2D) and (3D) shows tendencies of underestimating
temperatures for the first 20 minutes after that the models are overestimate temperatures
relative to TASEF.

Temperature [°C]

In Diagram 16 the steel temperatures of the web and flanges of the HEB 200 beam calculated
with the three-different model are collocated.
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Diagram 16 Variation of steel temperatures in HEB 200 beam for the different models

All models have produced similar curves and with minor temperatures differences for the HEB
200 beam. The lower flange of the COMSOL(3D) does not show the same curve drop as the
other models at 735° C. Both COMSOL(2D) and (3D) shows tendencies of underestimating
temperatures for the first 30 minutes but after that the models are overestimate temperatures
relative to TASEF.
In Diagram 17 the steel temperatures of the web and flanges of the HEB 300 beam calculated
with the three different models are collocated.
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Diagram 17 Variation of steel temperatures in HEB 100 beam for the different models

All models have produced similar curves and with minor temperatures differences for the HEB
300 beam. The lower flange of the COMSOL(3D) does not show the same curve drop as the
other models at 735° C.

7.3 Comparisons of steel temperatures from experimental fire furnace test besides
simulations in COMSOL Multiphysics and numerical lumped heat calculations.
The second analysis that was conducted was an assessment of the authenticity of the different
models. By comparing temperatures measured in the round robin test, at the locations in
shown Appendix 2 with temperatures from the calculated and simulated models it is possible to
rate the reliability the models. The round robin test was conducted with a HEB 300 beam and
thereby the simulations of the HEB 300 beam was subject for comparison.
7.3.1 Numerical calculation with lumped heat assumption in accordance to Eurocode
assessment
The numerical calculations were compared to a mean of all temperatures measured at locations
seen in Appendix 1. This was done since the lumped heat assumes a uniform temperature for
the profile and thereby a mean of all temperatures was used for comparison. The mean value of
the temperatures is denoted ‘mean’ in Diagram 18.
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Diagram 18 Steel temperatures produced by numerical lumped heat calculation compared to fire furnace test

The calculated temperatures, based on the lumped heat assumption, overestimated the
temperatures when the shadow effect was considered. However, when the shadow effect
correlation factor was used the temperatures were closer to the mean of the profile. The
method suggested by Wickström produced the value closest to the mean value.
7.3.2 COMSOL-simulations compared to experimental test conducted at RISE fire research
facility in Borås
The temperatures acquired from the COMSOL-simulations at the points of Figure 22 for twoand for three dimensional simulations was compared to the corresponding temperatures
measured at locations seen in Appendix 2 obtained at RISE fire research facility in Borås.
The comparison between the simulation COMSOL(2D) and the round robin fire furnace test
are presented in Diagram 19.
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Diagram 19 Steel temperatures produced by simulation with COMSOL(2D) compared to fire furnace test

The COMSOL(2D) simulation predicted the steel temperatures adequately. The web and
lower flange temperatures are similar with exception for the first and last minutes. However,
the temperature of the upper flange is continuously underestimated and have a constant
temperature difference of 50 degrees.
The comparison between the simulation COMSOL(3D) and the round robin fire furnace test
are presented in Diagram 20.
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Diagram 20 Steel temperatures produced by simulation with COMSOL(3D) compared to fire furnace test

Similarly, the COMSOL(3D) simulation predicted the steel temperatures adequately. The web
and lower flange temperatures are similar with exception for the first and last minutes.
However, the temperature of the upper flange is continuously underestimated and have a
constant temperature difference of 50 degrees.
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8 Discussion
COMSOL Multiphysics has proven to be an adequate tool when it comes to predict the
thermal response of open cross-sections with shadow effects considered. Both the three- and
two-dimensional models produced results similar to TASEF, which suggest that the new
methodology is valid when compared to the “dummy plate” method. There are some minor
differences between the results from TASEF and the COMSOL models, but this is mainly
thought to be a result of the usage of the specific volumetric enthalpy in TASEF and specific
heat capacity in COMSOL. The rate of change in specific heat capacity at temperatures with
evaporation as in concrete, or phase change as in steel, poses numerical difficulties that is more
easily overcome with the use of enthalpy. Wickström (2016) has shown that the specific
volumetric enthalpy is a more stable quantity to use in fire situations and it is recommended to
use in fire resistance design.
Regarding comparison of the experimental fire furnace test of the HEB 300, the first half of
the simulated time the time-temperature curves, in both COMSOL(2D) and (3D), of the
lower flange and web does not converge with the measured temperatures of the experimental
test. For the upper flange this does not happen, on the contrary, it stays diverged. Deductively,
coefficients within the model have not been adjusted to fit the experimental tests, e.g. the
emissivity and convective heat transfer coefficient has not been altered from the initial
assumptions based on Eurocode recommendations which means that some margin of error
should be expected from the comparisons. This, since the assumptions of Eurocode are general
values and may not fit the specific test since the constraints can differ from test to test. To draw
any conclusions about the coeffciants more tests would have been needed to compare to the
simulation.
Since the mesh convergence analysis showed that mesh convergence has been reached for
COMSOL(2D) and assumed to be occurring for COMSOL(3D) another cause of the
differences in temperature is assumed to be linked to parameters within the model, presumably
boundary conditions, rather than the peak in fire furnace temperature.
The k-ε turbulence model used in COMSOL Multiphysics are simplified since it uses wall
functions. It is possible to use a low Reynolds number k-ε turbulence model, but it requires
more computational power, which was not available during the projects time frame. However,
since Wickström (2001) and Jansson, Touvinen, & Wickström (2009) had shown that the void
assumption provided adequate results, the fluid flows were presumed to not be turbulent and
thereby no further investigation was spent on the subject. However, this is a matter for further
study.
The COMSOL Multiphysics models also produced expected tendencies regarding geometrical
variations of the beams and accuracy when compared to experimental tests which suggests that
its validity is adequate for the study. As the beam sizes was varied, the shadow effects became
prominent. As for an increasing size of the profile, the temperature differences between flanges
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and web became larger, suggesting that the void within the profile is related to the heating of
the profile.
The initial assumption for an open steel section was that, as the size of the web and flanges was
increased, the amount of surrounding thermal radiation from the fire reaching the interiors
would decrease due to the increased screening from the flanges and thereby slowing the
heating of the steel. However, the opening to the interiors of the profile is also increased with
the increase of size, leading to a higher thermal radiation perpendicular to the web. If the
theory of the view factor, described in section 2.4.3.1, is considered, the mathematics indicates
that the angle, see Figure 7, between the radiating surface of the opening and the interior parts
is crucial to the reduction of the irradiance. As the distance increases between the opening, and
the internal surfaces, the reduction of the irradiance increases and leads to lower amounts of
energy reaching the interiors, specifically the flanges. Furthermore, more thermal radiation rays
are likely to hit the web since it is parallel to the opening and thereby not as screened from the
ambiance as the interiors of the flanges, as seen in Figure 3. The more general descriptions
suggested by Wickström (2001) and Fransen & Vila Real (2012) aim at describing a feasible
method for calculation of the mean temperature in the open cross section. However, these
methods lack descriptions of local phenomena that might occur within a cross section due to
the shadow effects such as the one described above.
Regarding the numerical calculations assuming lumped heat, the application of the shadow
effect reduction factor was more prominent when larger profiles were used. Mainly, since the
larger section factors receives more thermal radiation as their surface area is larger in relation to
their mass. The two approaches of application, presented in section 2.3.2 ,both provided results
close to the experimental tests. The approach presented by Wickström (2001), however,
showed a better correlation than the Eurocode approach due to the mixed boundary
conditions.
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9 Conclusions
COMSOL Multiphysics and TASEF produced similar time-temperature curves. Usage of
COMSOL Multiphysics for predicting temperatures in open steel cross-sections is possible in
both three- and two dimensions. The COMSOL models also produces results that adequately
correlates to real experimental tests. To make the COMSOL models more versatile in fire
resistance design scenarios it should be adapted to use specific volumetric enthalpy curves and
the CFD-model should be further investigated. Since it is possible to use COMSOL
Multiphysics in these situations it can become a powerful tool in structural fire safety design
situations, e.g. design of joints. Not only would the thermal exposure to building elements be
accurately be predicted but due to the Multiphysics options it is possible to apply loads to the
element as well and thereby a full structural analysis with correct thermal exposure of the fire
case could be done.
The application of the shadow effect reduction factor, 𝑘𝑠ℎ , in numerical calculations assuming
lumped heat should be applied in accordance to the method suggested by Wickström (2001)
since it correlates better with experimental tests and is more physically correct.

9.1 Further work
Results from the COMSOL models correlates with experimental tests but improvements are
needed to prefect the model. The use of specific volumetric enthalpy should be implemented
in the COMSOL models for to make it even more accurate when dealing with fire conditions.
The COMSOL(2D)-model is deemed to be mesh independent and but further parametric
studies are required. More experimental tests of different thermal exposure, and with different
setups of various beam sizes should be conducted to further validate the methodology.
Regarding the COMSOL(3D)-model it cannot be considered to have been fully tested with
regards to mesh size. Additional mesh analysis is needed to eliminate uncertainties regarding
mesh dependence. The model has only been tested using temperatures of one cross-section and
needs to be validated against experimental tests with temperature measurements along an
element. This would ensure that the method is fully accurate in three dimensions.
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Appendix 1 – Detailed description of model implementations in
TASEF+ and COMSOL Multiphysics
Setup in TASEF+
The TASEF-model uses thermal conductivity and specific volumetric enthalpy as the two
main material properties for heat transfer. The values of the material properties were added in
to corresponding temperatures as seen in, Appendix figure 1. The material properties of the
dummy plate were set so the interference, with regards to heat transfer, would be minimal.
Thereby the thermal conductivity was set to 0 and the specific volumetric enthalpy were set to
slowly increase to 100 MJ/m3 as temperature increases from 0 to 1200 °C. The slow increase
of specific volumetric enthalpy was to ensure stability in the simulation.

Appendix figure 1 Material property tab in TASEFplus

As the material properties were defined the setup were added by placing a dummy plate just
outside of the flanges and thereby creating a cavity, defined as a void, within the profile.
Further, a slab of concrete was placed on the upper flange to simulate the fire furnace setting.
For calculation efficiency the symmetry around the y-axis was utilized. When the basic

geometry was defined the materials were assigned to corresponding region. To establish a finer
grid, and thereby increase calculation accuracy, additional gridlines were added. TASEF+ itself
adds gridlines to with regards to geometric regions but some parts e.g. corners, need a more
evaluated grid for to simulate with satisfactory results.

Appendix figure 2 Geometrical setup and finalised geometry in TASEFplus

The next step was to apply boundary conditions to the model. The boundary conditions are
assigned to a node or a group of nodes in a sheet-based manner, Appendix figure 3.

Appendix figure 3 Boundary conditions of the dummy plate setup in TASEFplus

The next step was to define the void area within the interior of the profile, enclosed by the
dummy plate. All nodes adjacent to the void area are put into the boundary condition sheet in

counter clockwise direction. The checkbox for void are then checked and the menu for voids
are opened were the corresponding node group of 1 and 2, as seen in Appendix figure 3,
where the void is assigned to the sheet. After the node groups are defined in the boundary
condition section they were further defined in the void tab. As seen in Appendix figure 4,
checkbox regarding if there are any voids were checked and the number of voids were
defined. Lastly, the nodal groups defined in the boundary section where added to the sheet.

Appendix figure 4 Sheet for defining voids in TASEFplus

After the void was defined a heat flux, containing the convection heat exchange was added to
the interiors of the steel profile. To complete the heat exchange boundary condition, a thermal
radiation was assigned to the dummy plate. As the void was earlier defined the dummy plate
part of the void was assigned an individual node group to give the dummy plate its own
emissivity. The emissivity was set to 1,0.
The second part was to assigned temperature boundary to the dummy plate surface. The
temperature boundary is not assigned all the way out to the node connecting the dummy plate,
as seen in Appendix figure 5. This was done to ensured that the dummy plate only transferred
heat via radiation and not conduction.

Appendix figure 5 Boundary setup dummy plate in TASEFplus

The model was at this step completed for simulation, but time-based settings were first
assigned. A time increment factor of 0,01 seconds is used for the forward stepping calculation,
since it was assumed to give desirable accuracy for results and does not led to numerical
instability. Temperature result outsprints 35 times were chosen, the amount was arbitrary
chosen to create adequate time-temperature curves. The time control tab is seen below in
Appendix figure 6.

Appendix figure 6 Boundary setup dummy plate in TASEFplus

Setup in COMSOL Multiphysics
Interpolated functions for material properties and fire temperature
To add the time and temperature dependent quantities to COMSOL Multiphysics a
spreadsheet database with material properties for steel and concrete and the ISO-834 fire curve
was established. The procedure was the same for both three- and two-dimensional simulations.
As seen in Appendix figure 7, for thermal conductivity of steel, the temperature and
corresponding material property was extracted from the spreadsheet software and added to
COMSOL Multiphysics in table form and an interpolated function for each quantity was
obtained.

Appendix figure 7 Adding temperature dependent material properties to COMSOL Multiphysics

When all temperature dependant quantities were added, the ISO-834 standard fire curve was
added in the same manner as the material properties, with the difference that the interpolated
fire curve function was time time-dependant instead.
After the material properties were added in table form, the materials themselves were added
from COMSOL’s own inbuild material library, illustrated in Appendix figure 8. The materials
were added as a domain and a surface property. The materials from the database were then
modified with the interpolated functions. To define which argument the interpolated functions
are supposed to use during the solving process, the function name is followed by a parenthesis

with the corresponding variable, e.g. 𝑘_𝑐(𝑇) for steel which means that the thermal
conductivity is supposed to be defined according to the steel temperature, as seen in Appendix
figure 8.

Appendix figure 8 Interpolated function for material properties added to material in COMSOL

The functions for both steel and concrete were added with corresponding argument, i.e.
temperature dependence. The emissivity of each material was assigned to the corresponding
surfaces.

Two-dimensional setup
After the material properties were assigned to COMSOL Multiphysics, the model was set up in
the two-dimensional version of COMSOL, henceforth assigned to as COMSOL(2D).

Geometry
After the materials were added into the model the geometry was defined with the y-axis
symmetry considered for calculation efficiency. The geometry building interface are done in a
drawing-like environment, as seen in Appendix figure 9.

Appendix figure 9 Drawing based geometric environment in COMSOL

Each component, e.g. the web, were added to the geometry. The components were defined
by width and height and positioned to coordinates relatively to its base corner. Three points
for temperature measuring were added to the centre of the web and flanges, as illustrated in
Appendix figure 10. A union was created for the components of the profile and furthermore
for the whole geometry.

Appendix figure 10 Building environment for geometrical components in COMSOL

When all the complete geometrical model was done materials were assigned to the
corresponding components.

Physics modules and boundary conditions
With the geometry done and materials assigned to all components, physics models were
implemented in the model. As for the case at hand the modules required was “Heat transfer”
and “Turbulent flow”. As the heat transfer module was selected, the surface-to-surface
radiation was selected. When this was done a few standard settings appeared, illustrated in
Appendix figure 11.

Appendix figure 11 Standard settings for the heat transfer module in COMSOL

The heat transfer was then assigned to the model depending on whether the material was
defined as a solid or a fluid, since the heat transfer differs depending on the state of the matter.
The initial values for the solids (concrete and steel) were set to be 293,15° K and the fluid(air)
were set to be 293,15° K but increasing over time in accordance to the standard fire curve.
The next step was to assign boundary conditions, the first one assigned was the symmetry
boundary for the y-axis. Next, a convection boundary condition was assigned to the exteriors
of the beam and the lower part of the light weight concrete, illustrated in Appendix figure 12.

Appendix figure 12 Assignment of convective flux in COMSOL

The external temperature, i.e. the gas temperature of the fire furnace set to be represented by
the standard fire curve. The interior of the beam profile was not assigned any convective heat
flux boundary since the CFD-model would represent the convection on the interior.
A thermal radiation boundary condition was assigned to the exterior in a boxed section factor
manner, illustrated in Appendix figure 13.

Appendix figure 13 Application of external radiative heat flux boundary in COMSOL

The ambient temperature, i.e. the radiation temperature, were set to be represented by the
standard fire curve.

Subsequently, the radiative exchange between the interior of the web and flanges were
defined, as illustrated in Appendix figure 14. This was done by defining the interior as a diffuse
surface with surface-to-surface radiation properties. The ambient temperature was set to be in
accordance to the standard fire curve. The surfaces were set to be opacity controlled.

Appendix figure 14 Surface-to-surface radiation exchange between interior surfaces of the profile in COMSOL

Lastly, an assumption of a temperature of 293,15 K outside of the fire furnace were done. This
was applied as a temperature boundary condition on the top of the concrete slab.
The next thing done was to apply a CFD-model with turbulence considered. The general
turbulence k-ϵ model with the assumption of a compressible fluid was applied to the air
domain within the profile, as seen in Appendix figure 15 with the coefficients of the LaunderSharma sub-model.

Appendix figure 15 Application of the Launder-Sharma k- ϵ turbulence model in COMSOL

Since the generalised form of the k-ϵ model were used, the requirement of wall functions
arose. These was applied via a wall boundary condition, as illustrated in Appendix figure 16.

Appendix figure 16 Wall function boundary conditions added in COMSOL

An inlet boundary condition was added and the quantity regulation the inlet flow was chosen
to be a pressure of 1 atm, as seen in Appendix figure 17. The supressing of backflow was not
added since the inlet is supposed to work, in principle, as both in- and outlet.

Appendix figure 17 Inlet boundary added in COMSOL

Multiphysics coupling
To connect the heat transfer and the turbulent flow a Multiphysics coupling called non isothermal flow, illustrated in Appendix figure 18, was applied to the model. With the use of this
coupling the flow is affected by the temperature from the walls via a heat flow wall function,
which creates a simulation of the convective heat transfer between the surface and the air. The
heat transfer within the air were decided to be Prandtl number based.

Appendix figure 18 Coupling the heat transfer- and turbulent model with the Multiphysics option in COMSOL Multiphysics

Mesh and Solution
The last step was to apply a mesh to the geometry. COMSOL has a physics-based meshing
technic. For each of the beams the most refined mesh (Extremely fine) were chosen to acquire
the highest accuracy, as seen in Appendix figure 19.

Appendix figure 19 Mesh of the geometry applicated in COMSOL

The solver was assigned in the study section. A time-transient solver was chosen and
temperatures were printed for each minute over 60 minutes. The results were extracted and
exported into a .txt file, as seen in Appendix figure 20.

Appendix figure 20 Temperatures extracted in COMSOL

Three-dimensional setup
After the model were set up in COMSOL(2D) the model was set up in the way but in three
dimensions, henceforth called COMSOL(3D). For comparability the two-dimensional model
was extruded by 0,5 m depth wise. As mentioned before, the material properties are assigned
in the same way.

Geometry
The geometry was set up with the use of the three-dimensional CAD drawing based
environment in COMSOL(3D), illustrated in Appendix figure 21. The symmetry around the
y-axis were considered for calculation efficiency.

Appendix figure 21 Three-dimensional CAD based drawing environment in COMSOL(3D)

Each of the parts were added as rectangular elements with height, width and depth defined. To
place the parts in correct places the coordinates for the base corner were used, as illustrated in
Appendix figure 22. Unions were formed for the flanges and web of the profile, but also for
the whole model. Points for temperature extraction was applied in the centres of the web and
flanges at a depth of 0,25 m.

Appendix figure 22 Geometrical parts added in COMSOL(3D)

After the geometry was completed materials was assigned to each of the parts.

Physics modules and boundary conditions
In the same way that heat transfer module were added in COMSOL(2D) it was applied in
COMSOL(3D). After the heat transfer module was added, boundary conditions were assigned.
First, the y-axis symmetry boundary was assigned as illustrated in Appendix figure 23.

Appendix figure 23 Application of y-axis symmetry boundary in COMSOL(3D)

A depth wise symmetry boundary condition was added, as illustrated in Appendix figure 24.

Appendix figure 24 Application of depth wise symmetry boundary condition in COMSOL(3D)

After symmetry boundary conditions were added, a convection boundary condition was added
to the illustrated in Appendix figure 25. The external temperature was set to follow the
standard fire curve.

Appendix figure 25 Application of external convective heat flux in COMSOL(3D)

An external thermal radiation boundary condition was assigned to the exteriors creating a
boxed boundary condition, as illustrated in Appendix figure 26.

Appendix figure 26 Application of external radiative heat flux in COMSOL(3D)

After the external thermal exposure was defined the internal radiation exchanges was assigned
to the web and flanges, as illustrated in Appendix figure 27.

Appendix figure 27 Application of the internal radiation exchange between the surfaces of the web and flanges in COMSOL
(3D)

The next step was to add the CFD model. Just as in the COMSOL(2D) model the k-ε
turbulence model was applied to the air domain, seen in Appendix figure 28. Coefficients for
the model were assigned in accordance to the Launder-Sharma sub model.

Appendix figure 28 Application of the Launder-Sharma k-ε model in COMSOL(3D)

An inlet boundary condition was assigned to the CFD model. as seen Appendix figure 29. The
inlet boundary condition was pressure based, reference pressure was set to 1 atm and back flow
were supressed.

Appendix figure 29 Application of the inlet boundary condition in COMSOL(3D)

The interiors of the web and flanges were assigned wall boundary conditions, as seen in
Appendix figure 30, based on wall functions.

Appendix figure 30 Application of wall boundary conditions in COMSOL(3D)

As oppose to the COMSOL(2D) model, the COMSOL(3D) model required a depth wise
symmetry boundary condition for the CFD- model. This were added as it is illustrated in
Appendix figure 31.

Appendix figure 31 Application of depth wise symmetry boundary condition for the CFD-model in COMSOL(3D)

Multiphysics coupling
The coupling between the heat transfer and turbulence flow were performed in the exact same
way as in COMSOL(2D).

Mesh and solution
The final step was to assign a mesh to the model and the solve for temperatures. Just as
mentioned before COMSOL Multiphysics comes with an automatic meshing system which
were utilised in the COMSOL(3D) model. The “Coarse” setting was used and is illustrated in
Appendix figure 32.

Appendix figure 32 Application of mesh in COMSOL(3D)

To solve for the temperatures a time-dependant solver was used, and temperatures were
printed each minute over 60 minutes. To create time temperature curves the temperatures
from the central points of the web and flanges were evaluated in table form, as seen in
Appendix figure 33, and exported to a .txt file for postprocessing.

Appendix figure 33 Temperature extraction from point sources in COMSOL(3D)

Appendix 2 – Temperatures measured at round robin test and
furnace temperature.

