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Abstract

Purpose – In fire resistance tests (FRTs) of building materials, a crucial criterion to pass the test procedure is
to avoid the leakage of the hot flue gases caused by gaps and cracks occurring due to the thermal exposure. The
present study’s aim is to calculate the deformation of a steel door, which is embedded within a wall made of
bricks, and qualitatively determine the flue gas leakage.
Design/methodology/approach –Acomputational fluiddynamics/finite elementmethod (CFD/FEM) coupling
was introduced representing an intermediate approach between a one-way and a full two-way coupling
methodology, leading to a simplified two-way coupling (STWC). In contrast to a full two way-coupling, the heat
transfer through the steel door was simulated based on a one-way approach. Subsequently, the predicted
temperatures at the door from the one-way simulation were used in the following CFD/FEM simulation, where the
fluid flow inside and outside the furnace as well as the deformation of the door were calculated simultaneously.
Findings –The simulation showed large gaps and flue gas leakage above the door lock and at the upper edge
of the door, which was in close accordance to the experiment. Furthermore, it was found that STWC predicted
similar deformations compared to the one-way coupling.
Originality/value – Since two-way coupling approaches for fluid/structure interaction in fire research are
computationally demanding, the number of studies is low. Only a few are dealing with the flue gas exit from
rooms due to destruction of solid components. Thus, the present study is the first two-way approach dealing
with flue gas leakage due to gap formation.
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1. Introduction
During fire resistance tests (FRTs), the thermal expansion (deformation) of a test specimen is
a key issue formodern buildingmaterials exposed to a thermal load or fire, which is related to

Fire resistance
test and

prediction of
leakage

© Rene Prieler, Simon Pletzer, Stefan Thusmer, G€unther Schwabegger and Christoph Hochenauer.
Published by Emerald Publishing Limited. This article is published under the Creative Commons
Attribution (CCBY4.0) licence. Anyonemay reproduce, distribute, translate and create derivativeworks
of this article (for both commercial and non-commercial purposes), subject to full attribution to the
original publication and authors. The full terms of this licence may be seen at http://creativecommons.
org/licences/by/4.0/legalcode

This work was financially supported by the Austrian Research Promotion Agency (FFG), “Virtuelle
Bauteilpr€ufung mittels gekoppelter CFD/FEM-Brandsimulation” (Project 857075, eCall 6846234) and
“Entwicklung von CFD/FEM Brandsimulationsmodellen mit Fokus auf Holz-und Gipsbauteile sowie
komplexen Konstruktionen” (Project 876469, eCall 28585806).

The current issue and full text archive of this journal is available on Emerald Insight at:

https://www.emerald.com/insight/2040-2317.htm

Received 19 January 2023
Revised 15 March 2023

Accepted 27 March 2023

Journal of Structural Fire
Engineering

Emerald Publishing Limited
2040-2317

DOI 10.1108/JSFE-01-2023-0011

http://creativecommons.org/licences/by/4.0/legalcode
http://creativecommons.org/licences/by/4.0/legalcode
https://doi.org/10.1108/JSFE-01-2023-0011


the combustion and heat transfer in the gas phase (fire) and the thermal heat transfer in the
solid test specimen. Standardized FRTs, according to European Committe for
Standardization CEN (2012), using natural gas or oil-fired furnaces, with its pre-defined
thermal load (time-dependent temperature trend), are carried out to determine the fire
response (thermal resistance, mechanical stability and flue gas leakage from the furnace) of
fire safety equipment. Based on the measured data, the test specimen can be certified for a
certain fire resistance level. However, the FRTs are commonly related to high costs and time
for the preparation, conduction and analysis of the tests. Thus, a logical consequence is to
bring the FRTs, or at least some aspects, to the virtual space. Due to the increasing
computational power, the simulation of FRTs has the potential to reduce extensive testing of
test specimen before final certification for a certain fire resistance level.

1.1 Numerical modelling of FRTs
A very popular approach applied in the past for modelling FRTs was the consideration of the
gas phase combustion and thermal heat transfer in the solid test specimen by coupled
computational fluid dynamics/finite element method (CFD/FEM) simulations [e.g. (Prasad
and Baum, 2005;Wickstr€om et al., 2007; Sandstr€om et al., 2009;Wickstr€om et al., 2011; Yu and
Jeffers, 2013; Cabova et al., 2017; Lazaro et al., 2016)]. From the references above, it can be seen
that numerical studies of fluid/structure interactions in fire science started around 2000 with
an increasing number in the following years. The chemical reactions in the fire (flame) and the
heat transfer in the gas phase are considered by CFD simulations based on the finite volume
method. For this purpose, commonly commercial software packages like the fire dynamic
simulator (FDS) (McGrattan et al., 2013) or ANSYS Fluent (ANSYS, 2013) are applied. The
calculated heat fluxes from the gas phase to the solid test specimen were used for the thermal
analysis using a FEM code. The heat fluxes from the CFD simulation are derived by the
concept of the “adiabatic surface temperature” (AST) (see (Wickstr€om, 2016)), which is the
temperature at the fire exposed surface of the test specimen. However, when gaseous
components are released from the test specimen, the heat transfer as well as the combustion
process can be affected and theAST results are doubtful [see (Prieler et al., 2018a; Prieler et al.,
2019a)]. This can be the case for gypsum or wood parts, which release a significant amount of
water vapour or combustible gases to the gas phase. Prieler et al. (2018a) proposed a
methodology to address the conjugate heat transfer in solid gypsum and the gas phase in one
CFD simulation without interface, leading to a better prediction of the gypsum’s temperature
compared to the AST.

When the temperatures in the solids (test specimen) are known, the structural analysis
caused by the thermal exposure can be done by coupled CFD/FEM simulations (e.g. (Duthinh
et al., 2008; Alos-Moya et al., 2014; Silva et al., 2014; Silva et al., 2016; Malendowski and Glema,
2017; Szymku�c et al., 2018)). These simulations can be denoted as one-way coupling (weak
coupling) according to the definition in Welch et al. (2008) and Tondini et al. (2012). This
means that the deformation process does not affect the heat transfer or the gas phase (fluid
flow and heat transfer). Thus, no flue gas leakage can be predicted.

In FRTs, as well as real fire scenarios, gaps between the solids and cracks/failures of
components can lead to a flue gas leakage or a different ventilation situation of the fire. So, the
deformation/thermal stresses can affect the combustion processes and heat transfer, which
increases the complexity of the numerical modelling. Recently, first approaches were
published [see (Feenstra et al., 2018; de Boer et al., 2019)], considering an office room fire and
the failure of the façade elements, which reveals an additional exit for the flue gas to the
ambient side. The mentioned studies above considered the flue gas leakage due to the
mechanical failure of the solid components. However, flue gas leakage can also be observed
between solid parts, which separate from each other due to the deformation. This was
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addressed by Prieler et al. (2019b), where a fire exposed three-parted steel door was
investigated by coupled CFD/FEM simulation. Although the simulation approach was only a
one-way coupling, the gap formation was modelled and potential flue gas leakage was
estimated and compared to the observations during the FRT. The position of the flue gas
leakage was well predicted.

1.2 Objectives of the present study
Since it was shown that studies considering the effect of mechanical failure or gap formation
between the solid components on the combustion process and flue gas leakage are rare, the
present study introduces a simplified two-way coupling approach (STWC) for the simulation
of FRTs. The STWC is an intermediate approach between the one-way and two-way
approach and will be used for a FRT of a fire safety steel door, which is embedded within a
wall made of bricks. When using the STWC, the heat transfer within the steel door was
calculated by a simple one-way approach, and the predicted temperatures are used in the two-
way simulation, which means that the heat transfer in the solid was decoupled from the two-
way methodology. Due to the STWC, the gap formation during the FRT as well as the
deformation process of the steel door will be predicted. Thus, the present study considers the
following objectives:

(1) FRT of a fire safety steel door determining the temperatures within the door and its
deformation

(2) Prediction of the gas phase combustion and heat transfer within the test specimen
(steel door) during the FRT with a one-way coupling methodology

(3) Numerical analysis of the deformation of the steel door using the one-way coupling
approach and the proposed STWC

(4) Calculation of the gap formation and flue gas leakage during the FRT using the STWC

It has to be mentioned that only the door was considered in the structural analysis
(deformation process), and the mechanical response of the adjacent wall was neglected.
However, the mechanical behaviour of the brick wall has a significant effect on the
deformation of the door and vice versa. This was investigated in detail in Prieler et al. (2019b,
2022a). Thus, modelling of the adjacent brick wall should be taken into account for future
studies of FRTs. A first approach can be found in Prieler et al. (2022b).

2. Experimental setup
2.1 Fire resistance testing furnace, wall and steel door
For the validation of the predicted door temperature, deformation, gap formation and flue gas
leakage, an FRT with a fire safety steel door as test specimen was done according to the
standard (European Committe for Standardization CEN, 2012). The tested steel door was
embedded into a wall made of bricks, which was placed at the front of a fire resistance testing
furnace. This is illustrated in Figure 1. The furnace dimension was 4 3 4.5 3 1.25 m.
According to the standard, the furnace was heated up based on a pre-defined temperature
trend, which enables a similar thermal load on the test specimen in each FRT. To achieve the
pre-defined temperature, the furnace was operated by four natural gas burners at the side
walls. For a more homogeneous temperature distribution in the furnace, baffle sheets were
placed at each burner to deflect the flame [see (Prieler et al., 2018b)]. The temperature inside
the furnace was observed using 12 plate thermocouples. These thermocouples were placed in
a distance of about 10 cm from the fire exposed surface of the wall/door. The bricks had a
thickness of 17 cm, and mortar was placed between the row of bricks.
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In the centre of thewall the test specimen (fire safety steel door) was placed,with its thickness of
64 mm. Basically, the door was made of a steel enclosure (thickness of 1 mm). The steel
enclosure was filled with mineral wool and a gypsum plasterboard (thickness of 6mm) in the
middle of the cross-section, which increases the thermal resistance. Furthermore, the building
dimension of the doorwas 1.375m (width) and 2.5m (height). The door’s framewas fixed at the
wall at 11 positions [see (Prieler et al., 2022b)]. In addition, the door leaf was also connectedwith
the frame by two hinges, the door lock as wells as three security bolts. The positions of the
connections between the door and the frame are shown in Figure 2 (left). To determine
the temperature of the door, several thermocoupleswere placed at the fire unexposed side of the
door. For validation, only 6 data points were used, which represent the average and maximum
temperatures at the door (see Figure 2 (left)). The measurement positions “P1” and “P6” were
placed in a distance of 25 mm from the doors edge/corner. Here, the highest temperatures
occurred during the FRT due to the higher thermal conductivity of the steel shell compared the
mineral wool/gypsum board (thermal bridge). Furthermore, “P2”, “P4” and “P5”were arranged
in a distance of 100 mm, and “P3” was located at the door’s centre. The deformation was
optically measured by a camera system during the FRT. For this purpose, marker spots were
fixed at the door in accordance to the black dots in Figure 2 (right.)

The duration of the FRT was 40 min, and the simulation using one-way coupling was
carried out for this time frame. Since the highest deformation and flue gas leakage was
already reached after several minutes, only 10 min of the testing time were considered in this
study for the STWC. This was done because the calculation time using the STWCwas much
higher compared to the one-way coupling. Thus, considering only the first 10 min of the FRT
was reducing the calculation time when the STWC was used.

2.2 Material properties
For the thermal and structural analysis of the test specimen (steel door), the temperature-
dependent material properties of steel, mineral wool and gypsum are necessary.

Figure 1.
Fire resistance test
furnace (left) and wall
made of bricks with
embedded steel
door (right)
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The thermal properties for low-alloy steel were calculated using the software JMatPro
(JMatPro, 2005). In Figure 3 the temperature-dependent thermal conductivity and specific
heat capacity are shown (see Prieler et al., 2016), whereas the density was set to a constant
value of 7,850 kg/m3.

The thermal expansion coefficient for steel and elastic modulus are presented in Table 1,
where the values for the thermal expansion and Poisson ratio were chosen from (Richter, n.d.)
and the elastic modulus as well as the multi-linear hardening in Figure 4 was derived from
Luecke et al. (2011) with coefficients from Zhang et al. (2016). The model of Luecke et al. (2011)
was used in this study to predict the stress–strain behaviour at high temperature, because
Luecke et al. determined that it predicts the stress–strain behaviour slightly better than the
Eurocode three (BS EN1993-1-2, 1993).

Gypsum, which was used inside the door, mainly consists of calcium sulphate di-hydrate
(CaSO4 * 2H2O). During the heating phase, chemically bound water from gypsum is released
by two endothermic reactions. These reactions can be identified by two peaks in the

Figure 2.
Connections between

the door and the frame
as well as temperature
measurement positions
(left) and position of the

deformation
measurement (right)

Figure 3.
Thermal conductivity

and specific heat
capacity for low-

alloy steel
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temperature-dependent specific heat capacity (see Figure 5). In Figure 5, the thermal
conductivity of gypsum is shown. The density of gypsum was 1,012 kg/m3.

The thermal properties of the mineral wool in the simulation were set in accordance to the
manufacturer’s data sheet with a density of 185 kg/m3 and a specific heat capacity of
1,030 J/kgK. In contrast to the constant values above, the thermal conductivity was
considered as temperature-dependent as presented in Figure 6.

Since steel shows the highest thermal expansion and mineral wool/gypsum have minor
mechanical stability compared to steel, only the steel enclosure of the door was considered in
the structural analysis. Thus, no mechanical properties were used for mineral wool and
gypsum.

For the simulation of the gas phase combustion and the conjugate heat transfer in the test
specimen, the heat transfer in the adjacent wall has to be taken into account. The thermal
properties were defined by constant values for specific heat capacity and thermal
conductivity with values of 950 J/kgK and 0.425 W/mK, respectively. The density was set
to 850 kg/m3.

Temperature [8C]
Therm. Expansion coefficient

(*10–6 1/K) Poisson ratio (F02D) Elastic modulus (MPa)

20 11.9 0.282 215,000
50 12.1 0.286 213,053
100 12.5 0.287 209,809
150 12.8 0.288 206,439
200 13.0 0.290 202,729
250 13.3 0.291 198,404
300 13.6 0.293 193,150
350 13.8 0.295 186,640
400 14.1 0.297 178,563
450 14.3 0.299 168,669
500 14.5 0.302 156,814
550 14.7 0.306 143,009
600 14.9 0.311 127,459

Table 1.
Thermal expansion,
Poisson ratio (Richter,
n.d.) and elastic
modulus (Luecke et al.,
2011; Zhang et al., 2016)

Figure 4.
Calculated stress–
strain curve of steel
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3. Numerical methodology
Two approaches were used to numerically predict the fire response of the fire safety door: (1)
one-way coupling and (2) a STWC of the CFD/FEM simulation. For this purpose, the
commercial software package ANSYS 2020 R2 was used with its sub-packages ANSYS
Fluent to predict the fluid flow (CFD) and ANSYS Mechanical for the structural analysis
(FEM). Detailed information on the sub-packages, including transport equations to be solved,
etc. can be found in ANSYS (2020a, b).

Figure 5.
Temperature-

dependent specific heat
capacity and thermal

conductivity of
gypsum

Figure 6.
Temperature-

dependent thermal
conductivity of
mineral wool
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3.1 One-way coupling
In this one-way coupling approach, the gas phase combustion in the furnace and the heat
transfer in the solid test specimen and adjacent brick wall were considered in one CFD
simulation. The calculated temperatures in the solids from the CFD simulation were further
used for the structural analysis of the steel door. In contrast to other one-way coupling
approachesmentioned in section 1.1, no FEM code was used to predict the heat transfer in the
solids. This would allow also the consideration of gaseous components released from the
solids (e.g. water vapour from gypsum or combustible gases from wood), however this is not
necessary in this study. Furthermore, it has to be mentioned that the adjacent brick wall was
considered as rigid body without deformation. The calculated temperatures (local and
temporal) in the solid test specimen were transported to the FEM code, where the structural
analysis was carried out. The methodology of the one-way coupling approach is shown in
Figure 7 and is completely described in Prieler et al. (2019a, b), where also the validation of the
used commercial software package for the one-way coupling is presented.

Since the numerical grid for the CFD and FEM simulation are not identical with regard to
the test specimen, the calculated temperatures from the CFD simulation have to bemapped on
the numerical grid for the structural analysis. For this purpose, a “profile preserved”mapping
methodology, which is presented in Figure 8, was used. In Figure 8, the temperatures in the
CFD simulations are calculated at the positions of the red dots. However, before they can be
used in the FEM simulation, they have to be mapped on the positions αi. In the present one-
way approach, the closest nodes to αi were used to create a virtual tetrahedron around αi.
Depending of the position of αi within the tetrahedron, weighing factors can be derived and
the temperature at αi can be determined.

3.1.1 Numerical grid and boundary conditions. The numerical grid of the furnace was
created by using 3.7 million polyhedrons (gas phase þ walls þ test specimen) and is
presented in Figure 9. The natural gas input to each burner was 147 kW during the testing
time of 40 min. In addition, the air mass flow-rate to the burners was adapted to ensure that
the residual oxygen concentration in the flue gas was 6 vol%. Thus, the mass flow-rate of
natural gas (considered as methane in the simulation) and air were used as boundary
condition for the one-way coupling. The boundary condition at the outer surfaces of the
simulation domain (walls and test specimen) was defined by convective (heat transfer
coefficient: 4W/m2K) and radiative heat losses (emissivity: 0.5) to the ambient side (ambient

Figure 7.
Methodology for the
one-way coupling
approach
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temperature: 258C). The time step size was fixed with values of 1 s (0–120 s), 2 s (120–240 s)
and 5 s (240–2,400 s).

For the structural analysis in the FEM simulation, the steel shell of the door as well as the
door’s frameweremodelled by 69.000 tetrahedron cells. It was assumed that the adjacent wall
was a rigid body, therefore also the door’s frame, which was fixedwith the wall, was assumed

Figure 8.
Mapping methodology

to transfer the
temperature value

from CFD (source) to
FEM (target)

Figure 9.
Numerical grid of the
furnace for the CFD
simulation using the

one-way coupling
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to be rigid. The door was connected with the frame in the structural model by fixed
connections using the multi-point constraint (MPC) formulation. These connections match
with the position of the security bolts, hinges and the door lock (see Figure 2). In this
formulation, the nodes from the frame and the door are sticking together during the entire
testing time. The other faces of the door can get in contact with the frame (collide) due to the
thermal expansion. However, although they get in contact, a relative (frictional) movement is
possible. To describe this behaviour an augmented Lagrange formulation between the door
and the door’s frame was defined. For a better numerical stability, a small penetration was
allowed for these faces, and the stiffness factor was set to a value of 0.1. Further details can be
found in Prieler et al. (2019b). It has to be mentioned that water vapour from the gypsum
board inside the door is released during the heating process, which increases the pressure
inside the door. Thiswas compensated by a linear pressure increase inside the steel shell from
0 to 0.15 bar between 0 and 1,200 s testing time. This was already suggested in the work of
Prieler et al. (2021).

3.1.2 Combustion and radiation modelling. To predict the gas phase combustion, the
Reynolds-averaged Navier–Stokes equations were solved in the CFD simulation using the
realizable k-epsilon model proposed in Shih et al. (1995). The chemical reactions in the flames
were calculated by the so-called steady laminar flamelet model (SFM) for non-premixed
combustion. In this approach, proposed by Peters [see (Peters, 1984, 1988)], the flame front of
a turbulent flame can be approximated by a number of small laminar counter-flow diffusion
flamelets. The main advantage of this assumption is that in a laminar counter-flow diffusion
flamelet the thermo-chemical state at each position in the flamelet (flame front in turbulent
flames) can be described by a single parameter called the mixture fraction f . Thus, the
temperature, species concentrations and density of the gas are related to a single parameter,
and this relation can be pre-calculated and stored in look-up tables. Subsequently, the
chemistry calculation and solving the species transport equations during the CFD simulation
can be avoided. There are only two transport equation for the mixture fraction and its
variance to be solved, which couples the thermo-chemical state with the turbulent flow field
via a probability density function.

The discrete ordinates model (DOM) [see (Raithby and Chui, 1990; Chui and Raithby, 1993)]
was used to solve the radiative transfer equation (RTE) for each discrete angle/direction. In the
present study, a number of 128 directions for the radiative heat transfer were considered
leading to the same number of RTEs to be calculated. Scattering effects were neglected in the
furnace and the absorption coefficient of the flue gas in the furnace was predicted by the
weighted sum of grey gases model (WSGGM) with coefficients by Smith et al. (1982).

3.2 Simplified two-way coupling (STWC)
The numerical approach, denoted as STWC, represents an intermediate method between the
one-way and the full two-way coupling (consideration of all processes and interactions in
the simulation). A full two-way coupling was not reasonable because of two issues regarding
the heat transfer in the solid test specimen and the large dimension of the testing furnace:

(1) The heat transfer through the steel door and the deformation was not simulated
simultaneously, caused by the missing knowledge about the contact between the
mineral wool and gypsum board inside the door as well as the steel enclosure during
the deformation. The deformation and contacts are very important for the heat
transfer in the door, however, due to the deformation, the contact faces between
mineral wool, gypsum board and steel can separate from each other. Subsequently, a
continuous heat conduction through the solids can be highly affected. Due to the
separation of the contact faces in the simulation, also numerical instabilities were
detected in a pre-study.
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(2) Since the dimension of the testing furnace is large (4.53 43 1.25 m), the calculation
time would increase significantly for a full two-way approach. Therefore, the domain
around the burners was neglected and the velocities, gas temperature, radiation
intensity and pressure were extracted from the one-way simulation of the furnace for
each time step. Thus, the transport equations for the reaction chemistry in the flame
(fire) can be neglected in this STWC approach using a reduced domain, which saves
calculation time.

Based on these issues, a full two-way coupling was not carried out and a simplified approach
was introduced in this study, which is shown in Figure 10. It can be seen that the heat transfer
in the solid test specimen was excluded in the STWC methodology. Therefore, the
temperature data of the steel door from each time step were used from the one-way coupling
simulation (see section 3.1). The mapping methodology, which brings the temperatures from
the numerical grid of the CFD simulation to the FEM simulation, was also the same.
Nevertheless, the fluid flow and heat transfer in the fluid was fully coupled with the
deformation of the steel door, leading to the prediction of the gap formation as well as the flue
gas leakage from the furnace to the ambient side.

As mentioned above, a reduced domain of the fluid flow was considered to save
computational time. In Figure 11 the geometry of the simulation domain using the one-way-
coupling approach is presented. Furthermore, the part of the gas phase in the furnace, which
is considered in the STWC, ismarked in blue. It can be seen that this region covers the vicinity
of the test specimen (steel door).

To predict the flue gas leakage in the STWC methodology, the gas phase at the ambient
side has to be considered in the simulation too. The region at ambient side is highlighted by
the red marked zone in Figure 12 (left). In this figure, the blue zone represents the gas phase
inside the furnace. The red and blue zone in Figure 12 (left) stands for the entire gas phase in
the simulation using STWC. The boundary at the ambient sidewas defined as pressure-outlet
with a defined pressure of 1,013, 25 mbar. If backflows in the simulation domain occur, the
incoming fluid was defined as air with a temperature of 258C. At the boundary inside the

Figure 10.
Methodology of the
simplified two-way
coupling approach
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test and

prediction of
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furnace (blue faces), the profiles for the temperature, pressure, velocity and radiation intensity
extracted from the one-way coupling were used from each time step. For example, in
Figure 12 (right), the temperature profile at 360 s is highlighted. At the lower part, the effect of
two burners can be identified by the hot zones. The flames of the lower burnerswere deflected

Figure 11.
Geometry used in the
one-way coupling
approach and reduced
domain for the STWC
marked in blue

Figure 12.
Reduced domain (gas
phase in the furnace
and gas phase ambient)
(left); Temperature
boundary at 360 s from
the combustion
simulation using one-
way coupling (right)
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downwards by the baffle sheets, whereas the upper burner’s flames were directed upwards
with no visible effect at the boundary. The gas composition in the gas phase inside the
furnace was chosen in accordance to the resulting gas from methane combustion with air
with regard to a residual oxygen concentration of 6 vol%. This means that the gas has the
same composition as calculated by the combustion model used for the one-way coupling.

It was found that for the simulation, a time step size of 2 s and a maximum number of two
iterations between the CFD simulation of the gas phase and the FEM simulation of the
deformation of the door were sufficient. The numerical grid for the domain (CFD) consists of
approx. 1.5 million cells (hexahedrons), which can be seen in Figure 13. In the FEM
simulation, the door frame represents the adjacent brick wall, which was assumed to be rigid.
The numerical grid of the solid door and the adjacent frame consisted of approx. 77,000 cells
(mainly hexahedrons). Dynamic meshing was applied to adapt the numerical grid according
to the predicted deformation from the FEM simulation.

4. Results and discussion
In this section, the results of both one-way coupling and STWC are discussed. The
temperature and pressure inside the furnace will be presented in section 4.1, and
the temperatures of the steel door (test specimen) are shown in section 4.2. In both
sections, the results were calculated based on the one-way-coupling. The deformation of the
steel door during the FRT will be considered in section 0, and a comparison between the one-
way coupling and STWCwill be presented. Eventually, the flue gas leakage predicted by the
STWC approach will be highlighted in section 4.4.

Figure 13.
Numerical grid of the

reduced domain for the
gas phase

Fire resistance
test and

prediction of
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4.1 Temperatures and pressure in the fire resistance testing furnace
During the FRT, 12 plate thermocouples were arranged in a distance of 10 cm from the fire
exposed surface of the door/wall. The average value of these thermocouples should represent
the pre-defined temperature trend [see (European Committe for Standardization CEN, 2012)],
which means that the thermal exposure of the door/wall is homogeneously distributed. The
average temperature values are presented in Figure 14, where the blue line shows the
measured temperature and the red line the predicted value. It can be seen that the predicted
temperature during the entire testing time fits quite well with the experimental data.

Additionally, a volume rendering plot of the gas temperature in the furnace using the one-
way coupling is presented after 10 min testing time in Figure 15 (left). Here, the deflection of
the flames can be clearly seen and why the boundary profile for the STWC is highly affected
by the lower burners. The boundary for the STWC is highlighted by the blue surface in this
figure. In the furnace also a pressure gradient was detected, which can be clearly seen in
Figure 15 (right). Two pressure measurement positions were arranged at the rear end of the
furnace. The measurement position was about 50 cm below the ceiling, and the other one also

Figure 14.
Measured and
calculated temperature
in the furnace

Figure 15.
Volume rendering of
the temperature (left)
and the pressure (right)
in the furnace after
10 min testing time
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50 cm above the bottom of the furnace. Themeasurement showed that after the initial heating
(approx. 5 min), the pressure in the furnace was constant. Therefore, the pressure shown in
Figure 15 (right) is quite similar during the entire testing procedure. In the experiment, the
measured pressure was 16 Pa (top) and 0.2 Pa (bottom). For comparison, the simulated
pressure at the measurement positions showed values of 28 Pa and 0 Pa, which is slightly
higher than the measured value. A reason for that is the missing flue gas leakage in the one-
way coupling approach, which slightly decreases the pressure in the furnace.

Nevertheless, the pressure and temperature showed a good agreement with the
experimental data and the profiles for the temperature, pressure, velocity and radiation
intensity can be extracted and used in the STWC approach to predict the flue gas leakage and
door deformation.

4.2 Temperature of the steel door
In the one-way coupled approach also the temperature of the solid wall and test specimenwas
predicted in the CFD simulation (conjugate heat transfer). In Figure 16 (right), the calculated
and measured temperatures at the steel door are presented after 40-min testing time.
In addition, the measured and predicted temperatures during the entire testing time are
presented in Figure 17. It can be seen that the highest temperatureswere observed at “P1” and
“P6”, which were located in a distance of 25 mm from the door’s corner/edge. At these
positions, the temperature increased up to about 2008C. This can be explained by the faster
heat transfer at the steel shell (thermal bridge) compared to the door’s centre, where gypsum
andmineral wool represent a higher thermal resistance. The faster heat transfer at the corner/
edge can be predicted by the numerical model in close accordance to the measurement. In a
distance of 100mm from the corner/edge (“P2”, “P4” and “P5”) and the door’s centre (“P3”), the
temperature level was significantly lower in the experiment with a value of approx. 1008C.
In general, the numerical simulation showed also similar values at “P2”, “P4” and “P5”.
However, at the door’s centre, the predicted temperature was about 40K lower. This is caused
by the neglected water vapour inside the steel shell of the door, which is released from
gypsum during the heating process. It was found by Prieler et al. (2020, 2022c) that the water
vapour transport in the porous gypsum/mineral wool and the partial condensation/
evaporation effects improve the heat transfer within porous structure. These effects were
neglected, but a numerical methodology to take this into account can be found in Prieler
et al. (2022c).

Figure 16.
Measurement positions
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4.3 Deformation of the door
In Figure 18 the contour plot of the door’s deformation is presented. Here, only the plot of the
STWC is shown because the one-way coupling’s plot is very similar and differences are
barely visible. It can be seen that the door deforms to the fire unexposed side in the centre
(marked by a positive value). In contrast, there is a large deformation to the fire exposed side
at the upper and the bottom edge of the door. Also above the door lock, the door slightly
deforms to the fire exposed side.

In accordance to the measurement positions, marked in Figures 2 and 18, the measured
and predicted deformations are highlighted in Figure 19. Overall, similar results between the
one-way and two-way coupling (STWC) approach can be detected. However, no flue gas
leakage can be predicted by the one-waymethodology. At the upper edge of the door (position
“B”), the numerical models over-predicted the deformationwith a value of about�30mm (fire
unexposed side), whereas the experiment showed a lower deformation. A reason for that is
the missing deformation of the wall construction. The mechanical interaction between the
door and the wall affects the deformation of both (wall and test specimen). This was
investigated by Prieler et al. (2022b), where the wall deformation was also taken into account

Figure 17.
Measured and
predicted temperatures
at the door during
the FRT

Figure 18.
Contour plot of the
door’s deformation in
z-direction after 10 min
using the STWC
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leading to a better agreement to the measurement at the upper edge. In contrast, the
prediction of the deformation at the door’s centre (position “E”) was in close accordance to the
measured value. After 10 min testing time the deformation was approx. 10 mm to the fire
unexposed side (positive value). At position “F”, which was located close to the door lock, the
deformation was low.

4.4 Gap modelling and flue gas leakage
The advantage of the STWC approach compared to the one-way coupling is the possibility to
predict the gap formation as well as the flue gas leakage from the furnace. Flue gas leakage
from the furnace is possible due to (1) mechanical failure of components [e.g. (Feenstra et al.,
2018; de Boer et al., 2019)] or (2) gap formation between the solids. In the present study, the
focus was on the gap formation between the door and the wall, which is highlighted in
Figure 20. In this figure, twomain gaps can be identified. One gapwas at the upper edge of the
door, and the second one was located on the right hand side of the door (above the door lock).

Figure 19.
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Figure 20.
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To compare the position of the gaps with the FRT, Figure 21 (left) shows the door with a
clearly visible gap at the upper edge. The gap above the door lock can be hardly identified on
pictures, however the damages above the door lock clearly shows the contact with the flue gas
from inside the furnace (see red mark in Figure 21 (right)). It has to be mentioned that also on
the left hand side of the door flue gas leakage was determined, however, the gap formation
and flue gas leakage from the furnace were at a low level due to the bolts located at this side of
the door. It can be concluded that the position of the gap formation can be predicted by the
numerical model in close accordance to the experimental observations.

The simulated flue gas leakage from the gaps at the door’s upper edge andabove the door lock
is shown in Figure 22. In the side view, it is visible that the majority of the leakage occurs at the
door’s upper edge, although the exact position there cannot be identified from this figure. In the
front view, there is also a slight flue gas leakagevisible above thedoor lock (coming from the right
hand side). This flue gas leakage is directed to the centre of the door and sumsupwith the flue gas

Figure 21.
Observed gap
formation during the
fire resistance test at
the upper edge of the
door (left) and burning
marks above the door
lock after the
test (right)

Figure 22.
Predicted flue gas
leakage at the upper
edge of the door (left)
and above the door
lock (right)
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leakage from the door’s upper edge. Since the flue gas leakage at the left hand side of the door is
much lower, due to the smaller gaps (bolts), the same effect was not observed from the left hand
side and the flue gas flow-rate is lower on this side. This can be also observed during the FRT.
In Figure 23 (top), the condensed water marks at the concrete lintel at the door’s upper edge are
shown. In Figure 23 also a scale was inserted, which extends from the left hand side of the door to
the right hand side. Due to the cooler surface of the lintel, thewater vapour in the flue gas from the
furnace condenses there. Therefore, the size of thewatermark is ameasure for the amount of flue
gas flow at this position. During the FRT, two main regions of water marks were observed.
A smaller region was determined between 22 and 42% of the door’s width (see red mark) and a
larger region was located between 50 and 85% (orange mark). The larger region is an indication
for the additional flue gas leakage above the door lock, which sums up with the leaked flue gas
from the door’s upper edge. Due to the smaller gaps on the left hand side of the door, the region of
the water mark is smaller. The STWC approach used in this study was not only capable to
determine the position of the gap formation, but also the amount of flue gas exiting the furnace,
which can be seen in Figure 23 (bottom). The position of the flue gas hitting the concrete lintel is
similar to the observed water marks in the experiment. The simulation showed that the flue gas
was between 20 and 40% as well as 50 and 80%.

5. Conclusion
In the present study, a STWC methodology was introduced to predict the fluid flow of the
combustion flue gases, the heat transfer in the solid test specimen and its deformation aswell as
the gap formation and flue gas leakage. For this purpose, a FRT of a steel door, embedded in a
brick wall, was carried out to obtain the validation data. Two-way coupling methodologies are

Figure 23.
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still rare in fire science. Despite some two-way approaches, which consider the mechanical
failure of solid components, there is no study available at themoment considering the two-way
coupling where flue gas leakage caused by the gap formation occurs. Thus, the present study
tried to address this issue with the proposed STWC with the following findings:

(1) The calculated temperatures inside the furnace and at the solid test specimen (steel
door) were found to be in good agreement with the measured data. However, the
temperature at the door’s centrewas about 40K lower due to themissing water vapour
transport model and neglected condensation/evaporation effects inside the door.

(2) At the door’s centre, the deformation of the door was about 10 mm to the fire
unexposed side, which was also calculated by the numerical STWC methodology.

(3) The STWC determined themain gap formation between the steel door and the wall at
the door’s upper edge as well as the right hand side of the door (above the door lock).
Only a minor gap formation was found at the door’s left hand side. These findings
were determined by the observed gap formation in the experiment.

(4) Besides the correct prediction of the gaps, also the flow-rate/amount of flue gas was
well predicted and fits quite well with the water marks at the concrete lintel above the
door, where water from the flue gas condenses.

It can be concluded that the STWCwas capable to predict the deformation, gap formation and
flue gas leakage during FRTs. Further studies will include also the combustion process in the
furnace and water vapour transport inside the steel door to improve the numerical predictions.
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