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ARTICLE INFO ABSTRACT

Handling Editor: Shohji Tsushima This work aims to investigate the thermal behaviors of the concrete ceiling slab of a semi-open car park exposed
to localized fire in hydrogen fuel cell vehicles. For this purpose, a numerical simulation of the hydrogen fuel cell

Keywords: vehicle fire was performed in the Fluid Dynamic Simulator and then coupled with a subsequent thermal analysis

Hydrogen fuel cell vehicle of concrete structure carried out in ANSYS Mechanical APDL. In particular, an automatic procedure was used to

Localized fire
Concrete car park
Coupling methodology
Thermal response

extract the output of the fire simulation and apply them as boundary conditions of the thermal model. The one-
way coupling procedure involving fire simulation and transient thermal analysis has been validated by
comparing it with concrete temperatures of a previous test study. Then, two parameters, the diameter of thermal
pressure relief devices (1 mm, 2 mm, 3 mm, and 4 mm) and fire spread time between vehicles (0 min, 20 min,
and 30 min), are taken into account to study the thermal properties of concrete. The analysis revealed that an
increase in the nozzle diameter of the thermal pressure relief device leads to a rise in the maximum concrete
surface temperature. The simulation results also showed that the maximum value of the heat release rate in-
creases with a higher value of the nozzle diameter of the thermal pressure relief device and a shorter fire spread
time between vehicles.

1. Introduction (continued)
NIST National Institute of hg Convective heat transfer
Abbreviations Standards and surface coefficient
HFCV Hydrogen fuel cell 9 Ratio of degraded concrete Technology
vehicles strength to the nominal FVM Finite Volume Method Qior.crp Total heat flux obtained in
strength at the ambient CFD
temperature LES Large Eddy Simulation c Stefan-Boltzmann constant
FDS Fluid Dynamic Dot Total heat flux Nomenclature Qinccrp  Radiative incident thermal
Simulator energy in CFD
TPRD Thermal pressure relief Qg Heat flux exchanged by Tgcrp Gas temperature in CFD  Tast Adiabatic surface
devices radiation temperature
HRR Heat release rate Qoo Heat flux exchanged by Twre Surface temperature in = [C] Specific heat matrix
convection FEA
CFD Computational Fluid Q ine Radiative incident thermal K] Conductivity matrix {T} Vector of nodal
Dynamics energy temperature
FEA Finite Element Analysis Ty Surface temperature {1} Time rate of the nodal {Q} Global nodal heat flow
FTMI Fire-Thermomechnical € Absorptivity of the temperature
Interface radiation or Emissivity of
the radiation
AST ?diabatic Surface Te Gas temperature Car park fires have gained increasing attention because modern
‘emperature

vehicle fires have recently become more severe and frequent than in the
past. Modern vehicles not only have more combustible materials, like
plastics but also make more frequent use of alternative energy, such as
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electric batteries and hydrogen fuel cells, which may lead to new fire
scenarios [1]. For example, a fire at the Luton airport car park, triggered
by a vehicle fault, resulted in damage to over 1500 vehicles [2]. In
another case, the Felicity Ace car carrier caught fire [3] and burned
thousands of vehicles, which is suspected the intensity of the blaze is
attributed to the electrical vehicles. Similarly, the Fremantle Highway
car carrier fire [4] destroyed or damaged as many as 2800 vehicles.
According to these cases, a car park fire is likely to spread to several
vehicles and may lead to thousands of vehicles damaged and structural
collapse. To reduce the economic losses and the influence of a car park
fire on the structural elements of a car park, it is necessary to study the
fire behaviors of modern vehicle fires in a car park.

Vehicle bodies and fuel systems are the two main parts of a vehicle.
Owing to the similar material used in modern vehicles, the major
discrepancy among modern vehicle fires is caused by the fuel. For
instance, the hydrogen fuel cell vehicle (HFCV) stores the hydrogen gas
fuel in a high-pressure tank with a special device called a “Thermal
Pressure Relief Device” (TPRD). The hydrogen gas can be released from
storage tanks through a TPRD nozzle in a fire accident and may generate
high-velocity jet fire flames [5], affecting the fire size and fire spread
time in a car park. In terms of these special characteristics of HFCV fires,
the HFCV fires will be investigated in this study, to provide more in-
formation about modern vehicle fires in a car park.

In a car park fire, heating from burning vehicles can affect the
adjacent structures, e.g., beams, columns, and slabs. Structures suffering
an intensive fire could lose stability or part of their load capacity.
However, the temperature distribution of structures in a car park fire is
associated with the location and time of the fire onset and spread, so it is
difficult to rely on the use of simplified design methods for designing a
car park against these fire scenarios [6-8]. In order to obtain a realistic
temperature field of the structure, Computational Fluid Dynamics (CFD)
simulation of the different car fire scenarios can be performed. The solid
phase involving the thermal properties of structures is simulated in
Finite Element Analysis (FEA) software due to limitations in solving the
solid phase heat transfer in CFD software. The use of two separate
software, however, makes such analyses quite demanding, particularly
in the case of a manual transfer of data between the CFD and FEA
software. Therefore, a specialized tool capable of connecting the CFD
model and the FEA model is extremely useful in studying the thermal
response of structures under particular fire scenarios.

However, the information transfer from a CFD model to an FEA
model is challenging, because of the difference in the spatial dis-
cretization, the time scale, and even the software codes [9,10]. To
implement the connection between CFD and FEA, Prasad and Baum [11]
proposed a methodology to combine the FDS and ANSYS parametric
design language, in which only the radiative heat transfer is taken into
account in the heat transfer between the fire and structures. Tondini
et al. [12] developed an interface that can connect FDS and SAFIR,
including both convection and radiation heat transfer. Silva et al. [13]
introduced an interface model called Fire-Thermomechnical Interface
(FTMI), which transfers heat results from convection and radiation from
FDS to ANSYS. In particular, the Adiabatic Surface Temperature (AST)
concept propounded by Wickstrom [14] was used in this FTMI, showing
an efficient method of transferring the output information of FDS to the
ANSYS model [15].

Coupled CFD-FEA methods are broadly applied for analyzing struc-
tural response under complex fire scenarios. For example, Alos-Moya
et al. [16] investigated the fire response of steel girder composite
bridges with a length of 115.2 m. Silva et al. [17] proposed a coupling
procedure concerning FDS and ANSYS, applying this coupling method to
estimate the thermal-mechanical properties of a nuclear cylindrical steel
containment vessel that suffered an accidental external fire condition.
Tondini et al. [18] studied the structural behaviors of a multi-story
steel-concrete composite open car park under simplified localized fire
using FDS-SAFIR integrated methodology. In addition, Yan et al. [19]
also employed the FDS-SAFIR interface method to analyze the
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temperature of a steel open car park under a fire scenario. According to
these studies, CFD-FEA coupling is a vital way to investigate the struc-
tural behaviors under a real fire scenario, especially for these large
structures and complex fire scenarios.

Two common approaches are used for combining CFD and FEA
simulations, namely one-way coupling and two-way coupling [20]. In
the one-way coupling method, the fire model in CFD is calculated
independently of the thermal response in FEA, only based on the
pre-defined boundary conditions [21]. In contrast, the influence of the
structural consequence on the fire model is considered in the two-way
coupling approach [15]. Compared with the one-way coupling
method, the two-way coupling approach can present the fire scenario
more realistically but several limitations are still in the application, such
as complex calculation methods, and high cost [20].

In general, the fire performances of structures exposed to HFCV fire
are still a relatively new subject, and it only rarely reported. To bridge
this deficiency, this study aims to employ a one-way coupling way to
analyze the thermal response of the concrete structures under HFCV
fires in a semi-open car park. Particularly, distinct HFCV fire scenarios
including different TPRD diameters (1 mm, 2 mm, 3 mm, and 4 mm) and
fire spread times (Omin, 20min, and 30min) between HFCVs are taken
into consideration. In light of these CFD-FEA coupling analyses, some
guidance relevant to the fire safety assessment of the concrete structures
will be provided for fire engineers.

2. Methodology
2.1. CFD model

FDS is an open-source program that is widely used to study building
fires for fire engineers. It was developed by the National Institute of
Standards and Technology (NIST), with the aim of solving the Navier-
Stokes equations numerically for the low-mach-driven fluid flow [22,
2.3]. A simple chemistry model was used in the FDS simulation. The grey
gas model with the Finite Volume Method (FVM) was employed to
simulate the thermal radiation. Turbulence was simulated using the
Large Eddy Simulation (LES) approach, while eddy viscosity was
modeled by the Deardoff turbulence model. All geometries are approx-
imated as a series of rectangular parallelepipeds in FDS. The heat con-
ductivity calculation in FDS is one dimension. In this study, FDS version
6.7.9 was employed for the fire simulation.

2.2. FDS2FTMI interface

In a fire scenario, heat can be conveyed from flames and hot gases to
the surfaces of a structure through radiation and convection [13]. The
total heat flux qj,, exchanged by the surface with the surroundings is
obtained as a sum of the two components in Eq. (1), i.e. the heat flux
exchanged by radiation g, and by convection g, .

oot = raa + oo @

The radiation heat flux g, is the difference between the radiative
energy absorbed on the exposed surface (which is a part of the radiative
incident thermal energy q,,,) and the radiative energy emitted by the
surfaces (which depends on the surface temperature T,). Since the ab-
sorptivity and emissivity of the radiation are identical, on the basis of
Kirchhoff’s law, they can both be indicated with the same symbol ¢. The
convection heat flux g ,, is proportional to the difference between the
gas temperature T, and the structural surface temperature T,, by means
of the convective heat transfer surface coefficient h,, following the
approximation of Newton’s law of cooling. Hence, the total heat flux
obtained in CFD ¢, -z, can be reorganized as Eq. (2).

q:ot.CFD = e(q;.inc - GT:/> + hg(Tg - TW) (2)
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The structural surface temperature T,, obtained in the FDS model is
inaccurate owing to the limitation of the solid-phase heat transfer
calculation in FDS [8,22]. Instead, the FEA solver can simulate the heat
transfer in the solid phase precisely by imposing necessary thermal
boundaries, such as T,z or net heat flux. From an FEA viewpoint, the
total heat flux is expressed as Eq. (3) [8,24].

Qrotre =€ (q;.inc‘CFD -0 ’I;FE) +hg (Tgcrp — T ) 3)
where ¢ is the Stefan-Boltzmann constant 5.6703 x 10 W/ (m2K*).

However, the q) ;. op and Ty crp are not possible to calculate in the
FEA solver. Hence, it is necessary to build an interface to connect CFD
and FEA models. To accomplish this, the adiabatic surface temperature
(AST) Tast, which takes into account a virtual, perfectly insulated object
in place of a real solid exposed to heating, was introduced to calculate
the total heat flux [23,24]. In the AST method, the adiabatic virtual
surface is in thermal equilibrium with its surroundings, and the total
heat flux exchanged with the surface is therefore zero, as shown in Eq.
(4). The temperature of this adiabatic virtual surface T4sr can be ob-
tained as output from the fire simulation in FDS. Based on Eq. (3) and Eq.
(4), an accurate surface temperature Ty, zr can be calculated at each time
step of the thermal analysis in the FEA model, as shown in Eq. (5).

q’t’nt,CFD =& (q:.inc,CFD - GTZST> +hg (Tg-CFD - TAST) =0 C)

Qoo = 5(’(7‘/§ST - T‘:’,FE) + hg(TAST - TWfE) ®

The approach linking CFD and FEA models is determined by dis-
cretization methods in two models, e.g., mesh size, and element shape.
For example, an FDS domain is always discretized into hexahedrons,
while a thermal model in ANSYS allows for discretization into various
elements, including hexahedrons and 3D planes [13]. To realize the data
transfer between CFD and FEA models, the results in the fire model need
to be mapped to the structural model in the FEA solver. Hence, a
one-way coupling interface between FDS and ANSYS Mechanical APDL
called FDS2FTMI was developed to automatically transmit FDS results to
ANSYS by Silva [25].

The mapping in the FDS2FTMI is based on the extra node localized at
the center of each element on the structural exposed surfaces, as shown
in Fig. 1. The position and number of extra nodes are determined by the
mesh generated in the FEA model. FDS2FTMI can search the exposed
surfaces in ANSYS and collect information on extra nodes, such as cor-
responding normal directions, positions et al. After that, FDS2FTMI
obtains the correct thermal boundary parameters (convection heat
transfer coefficient hy; and adiabatic surface temperature Tusr) of
exposed surfaces in the boundary file (.bf) in FDS [13], and imposes
these boundary conditions on the FEA model. In brief, the coupling
procedure is achieved by mapping the FDS and ANSYS models and
transferring the data automatically from one another.

n
ot

—_

"
_Qtot-Ael
tot “‘elem ‘7

Extra nod nodes™—

S"““”%/

Nnodes

Surf152 €lement

Fig. 1. FDS2FTMI interface tool application process.
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2.3. FEA model

The Full solution method with the Newmark algorithm is used for the
transient thermal analysis in ANSYS to study the thermal properties of
structures [26]. In the FE model, different elements are used for distinct
materials to discretize the FE model in thermal analysis [27]. As for the
concrete reinforcement (RC) structures, REINF264 (2-node element) is
employed to simulate the heat transfer in the steel reinforcement, and
SOLID278 (8-node element) is used for concrete.

Thermal boundaries of structures, such as heat flux or surface tem-
perature, are required to be prescribed in the FEA model [28]. When it
refers to CFD-FEA coupling, these thermal boundaries obtained from
FDS can be automatically prescribed to the SURF152 element (4-node
element) in ANSYS using FDS2FTMI, as shown in Fig. 1. Tagr is pre-
scribed at the extra node on the element SURF152, and hg is imposed on
the surface of element SURF152.

In the FEA model, the heat transfer in solid structures is mainly
controlled by thermal conduction, and the governing equation of ther-
mal analysis in ANSYS can be expressed as Eq. (6).

[CHT} + [K{T} ={Q} Q]
where [C] is the specific heat matrix, [K] is the conductivity matrix, {T} is
the vector of nodal temperature, {T} is the time rate of the nodal tem-
perature, {Q} is the global nodal heat flow.

In Eq. (6), the thermal conductivity and specific heat vary with the
temperature of the material. In this study, the temperature variation of
such thermal properties (specific heat and thermal conductivity) is
adopted from Eurocodes [29,30]. Concrete density and steel density are
2400 kg/m? and 7850 kg/m3. Additionally, the resultant emissivities for
concrete and steel are prescribed as 0.85 and 0.7, respectively.

3. Validation of the coupling process

To validate the FDS and ANSYS coupling process, the temperatures of
numerical predictions are compared with test results in the literature
[31]. In the test, an RC beam without protection was exposed to an
ASTM E119 fire in a propane furnace. The test facilities consist of a
rectangular furnace with dimensions of 3.05m x 2.44m x 1.68 m
(length xwidth x height) and an RC beam with dimensions of 3.96 m x
0.254 m x 0.408 m (length x width x height). Hence, three external
surfaces of an RC beam segment were exposed to the furnace fire, as
shown in Fig. 2(a).

The FDS model of an RC beam subjected to fire is present in Fig. 2(b).
In this FDS model, the fire source generated by the propane combustion
is simulated by specified solid surface temperatures on the internal walls
of the furnace. One reason for this method is that propane burners in the
furnace were used to create the standard ASTM E119 fire scenario;
another is the unknown information on propane burners. The mesh size
of this FDS model is 0.1 m. AST and h, are recorded in the boundary file
of the output results.

The FEA model of this RC beam has the same geometry and coor-
dinate system as the CFD model, as displayed in Fig. 2(c). The difference
is that steel reinforcements are considered in an FEA model while
ignored in an FDS model. This is because AST and h; are mainly influ-
enced by the fire source. In addition, the simplification of an FDS model
to some extent could reduce the complexity of the simulation. Five
longitudinal reinforcements are arranged in this beam, two rebars with a
diameter of 13 mm are in the compression zone, and three with a
diameter of 19 mm are in the tension zone. In addition, 6 mm stirrups
are placed in the beam with a spacing of 150 mm. For the sake of
detecting the temperature of concrete, two thermocouples are mounted
inside the concrete beam, and one thermocouple is set on the bottom
surface of the beam. The grid size of this FEA model is smaller than in the
FDS model, which is 0.04 m.

After calculation, the nodal temperature on the beam section is


astm:E119
astm:E119
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(®)

Fig. 2. Sketch of an RC beam: (a) Beam exposed to fire, (b) Beam model in FDS, (c) Beam model in ANSYS.

shown in Fig. 3. ‘TCO’ refers to the concrete temperature on the beam
surface, and ‘TC1’ and ‘TC2’ are the concrete temperatures inside the
beam. Fig. 3 indicates a good agreement between the test and predicted
concrete temperature in ANSYS. In particular, the calculated concrete
temperatures of these three devices are overall lower than those regis-
tered in the test. However, the differences between the test and simu-
lation temperatures decrease with time and a quite good agreement
between the predicted and measured temperatures can be seen after
100-120 min of fire exposure. The differences may be attributed to the
temperature curves applied in the FDS model being slightly different
from the curve attained in real propane combustion. Additionally, ma-
terial models of concrete and steel prescribed in an FEA model have
some discrepancies with respect to the real materials.

4. Numerical model of the car park

As mentioned in the introduction, the influences of HFCV fires under
different TPRD nozzle diameters and fire spread times on a concrete TT
slab ceiling are studied for a fire scenario based on a semi-open car park

Concrete beam

N

(©

located in Copenhagen [32]. This concrete car park has a dimension of
119.4m x 17.5m x 3.2 m (length x width x height), depicted in Fig. 4
(a). The distance between two adjacent webs of a TT slab is 1.2 m. The
height of the web and flange of this TT slab is 0.6 m and 0.2 m,
respectively.

The FDS domain only considers a part of the car park, specifically a
floor area of 8.5 m by 8 m, as visible in Fig. 4(b). The reduction of the
domain is meant to limit the computational cost for the whole car park
simulation and is justified by the limited influences of the remaining
area on the local development of the HFCV fire temperatures below the
slab. In this FDS model, the ceiling and floor are simulated as concrete
with constant material properties. Instead, all four vertical sides of the
modeled car park segment are considered openings.

The HFCV fire is assumed to consist of vehicle body fire and
hydrogen jet fire here. To present these in FDS, the HFCV is modeled by
an adiabatic block with a 4.7 m length, 1.9 m width, and 0.75 m height
based on the size of the Hyundai Nexo hydrogen fuel cell SUV [33]. The
fire due to the burning vehicle main body is modeled by assigning the
heat release rate (HRR) of the Hyundai Nexo combustion test [34] to the

1000 —qu-Tcst =|= =-TCO-FEA ——TC1-Test
4= = =TCI-FEA ——TC2-Test .
— — - TC2-FEA
800 o
;O L
o> 600
E
& J
2. 4004
8 -
L
= 4
200 -
0 ¥ L T T T T L] T T T T T
0 25 50 75 100 125 150 175 200
Time (min)

Fig. 3. Comparison of concrete temperature in Test (after [32])and FEA model.
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top surface of the block representing the car. The jet fire instead is
modeled by means of three virtual nozzles placed on the bottom surface
of the block at a distance of 0.25 m to the floor in accordance with the
position of the three hydrogen tanks of the Hyundai Nexo. The hydrogen
mass flow rate prescribed in this jet fire model is calculated by e.labo-
ratory [35] in terms of values of tank pressure, tank volume, and TPRD
nozzle diameter. Detailed information on this model and justification for
the use of a low-Mach number formulation used in FDS to simulate the
hydrogen jet fire can be found in a previous paper published by the
authors [36].

Due to the fine resolution required in the jet fire model, two
computational meshes are prescribed in this car park fire model. The one
including jet fire models has a mesh size of 0.05 m, and the other is 0.1
m, resulting in a total of 455600 cells. The car park is naturally venti-
lated and the initial air condition is assumed still. As a result of the fire,
the ventilation is through the opening as thermal flows develop, causing
the hot gases to leave the car park through the upper side. Therefore, the
thermal behaviors of the ceiling in this car park are of great interest to
investigate. The FEA model of the ceiling is exhibited in Fig. 4(c) with a
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(c)

Fig. 4. Car park: (a) Layout of a car park in Copenhagen after [32], (b) Car park model in FDS, (c) Ceiling of a car park slab model in ANSYS.

constant mesh size of 0.05 m. An implicit thermal analysis has been
conducted in ANSYS, based on Newton Raphson method and backward
Euler time integration with a time step of 20 s.

To obtain reliable simulation results, the validation of this car park
model can be divided into three key components: the HFCV fire model in
FDS, the CFD-FEA coupling process, and the concrete structure thermal
model in ANSYS. The HFCV fire model can be validated by simulating
the HFCV main body fire using HRR curves from an existing test [34],
and by incorporating a hydrogen jet fire model [36]. The validation for
the coupling process, as well as the concrete structure thermal model in
ANSYS, is detailed in section 3.

A total of seven vehicle fire scenarios involving four TPRD nozzle
diameters (1 mm, 2 mm, 3 mm, and 4 mm) and three fire spread times (0
min, 20 min, and 30 min) from a middle HFCV to two adjacent HFCVs
are considered in this study to investigate the thermal behaviors of the
concrete ceiling in the semi-open car park, as shown in Table 1. Initial
mass flow rates and hydrogen blowdown durations are calculated by e-
laboratory [35]. In the fire spread scenarios, the distance between two
adjacent HFCVs is 0.5 m [32,37]. The TPRD active time is 18 min after
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Table 1
Details of numerical simulations.
Scenario TPRD nozzle Initial Fire Car Hydrogen
No. diameter mass flow spread no. blowdown
(mm) rate (kg/s) time duration(s)
(min)
1 1 0.0268 - 1 665.6
2 2 0.1072 - 1 160.0
3 3 0.2412 - 1 67.2
4 4 0.4289 - 1 35.2
5 2 0.1072 0 3 160.0
6 2 0.1072 20 3 160.0
7 2 0.1072 30 3 160.0

the vehicle body fire [34], meaning that the jet fire starts after the HFCV
body fire at 18 min in this HFCV fire model. The fire spread time refers to
the time interval between two vehicle body fires, and the TPRD active
time is still after 18 min of the corresponding vehicle body fire.

In fire scenarios 1-4, only a single vehicle is implicated in the car
park fire. However, in scenarios 5-7, the fire involves three vehicles. A
larger segment of the slab, which includes 7 webs (labeled as “web1” to
“web7” and the pertinent flange is considered for the analysis of these
scenarios. For all fire scenarios, measurement points were in a specific
section of the ceiling slab, namely only the web labeled as “web4 in
Fig. 4, along with the pertinent flanges on both the right and left sides, as
depicted in Fig. 5. Here, ‘h’ represents the depth of the concrete.

To estimate the concrete strength (residual compressive strength and
compressive strength), Herz’s degradation model [38] shown in Eq. (7)
can be used, where ¢ represents the ratio of degraded concrete strength
at high temperature to the nominal strength at the ambient temperature:

1-k

RONORORC)

In this equation [38], k, T1, T2, T8, and T64 are constants that
depend on the material and on whether the strength at temperature T
(during heating, also referred to as “hot condition”) or the residual
strength after being heated to T and cooled down to 20C are of interest
(referred to as “cold condition”). In particular, for calcareous concrete,
the slab is made of, the values used for (k,T;,T»,Ts,Tes) are
(0,1500, 580,520, 690) for the hot condition and
(0,100000,100000,1150,1150) for the residual strength of concrete.

§T)=k+ &)

International Journal of Hydrogen Energy 73 (2024) 800-811

5. Results of different fire scenarios

5.1. Single burning vehicle (scenarios 1 to 4) with different TPRD nozzle
diameters

The gas temperature and flame of the car park fire involving a single
vehicle at 1122.2 s is displayed in Fig. 6(a). It can be seen that the
maximum gas temperature at this time is larger than 900 °C. Figs. 6(b-
1)-(b-4) show concrete temperatures of the car park ceiling under
different TPRD nozzles at time 2100 s. In Figs. 6(b-1)-(b-4), the
maximum concrete temperatures of 1 mm, 2 mm, 3 mm, and 4 mm
TPRD nozzle are 748.3 °C, 768.4 °C, 800.5 °C, and 813.9 °C, separately,
indicating that the maximum concrete surface temperature increases
with the TPRD nozzle diameter. In addition, the concrete maximum
surface temperature is 813.9 °C, as expected, lower than the maximum
gas temperatures due to the concrete surface resistance to radiation and
convection [39]. As for cross-section temperatures of the ceiling, the
center concrete temperatures of web4 are always lower than 200 °C at
time 2100 s as the TPRD nozzle changed from 1 mm to 4 mm. Moreover,
the heat travels into the flange of this TT slab ceiling with a limited
depth, almost less than one mesh size (0.05 m) at this time.

Concrete temperature histories under different depths and HRR
histories during the HFCV fire are displayed in Fig. 7. The red curves
refer to the HRR of this fire, AST curves representing the input envi-
ronment temperature in the mode are presented by grey curves, and the
other curves show concrete temperatures in the same section (X = 3.85
m, Y = 4.25 m) at different depths (with labels ‘0 m’ to ‘0.8 m’). In
comparison to the maximum HRR values in Figs. 7(a)-(d), the maximum
HRR value increases with a larger nozzle diameter as the TPRD nozzle
diameter varies from 1 mm to 4 mm. For example, the maximum HRR
with a value of 20 MW appears as the TPRD nozzle diameter is 4 mm.
Furthermore, striking sudden peak points are shown in these four HRR
curves, in which the peak HRR is caused by the TPRD activation [40].
Based on Figs. 7(a)-(d), AST curves are not very smooth because of the
larger time step of the boundary file in FDS. Regarding concrete tem-
peratures, these concrete temperature curves reach all their peak values
at a later time than the AST curves and, as expected, the delay of the
peak increases as concrete depth increases. In addition, the disparity of
maximum temperature is much higher between the web bottom surface
and 0.05 m depth, which is larger than 350 °C.

Fig. 8(a) presents concrete temperatures and ratios of concrete
compressive strength at the same section (X = 3.85 m, Y = 4.25 m) at
various depths and TPRD nozzle diameters. Note that concrete tem-
peratures in Fig. 8(a) are extracted at the time when concrete temper-
atures of depth 0.05 m arrive at peak values, and ratios of compressive
strength are calculated by Eq. (7) with hot conditions (strength during
the fire). In Fig. 8(a), the temperatures of concrete web4 are above

Fig. 5. Measurement points in the FEA model (location of web4 center: Y = 4.25 m).
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Fig. 6. Visualization of instantaneous flame with gas temperature in FDS at 1122.2 s, and temperature contours of concrete surface and ceiling cross-section in

ANSYS under different TPRD nozzles at 2100 s.

200 °C, and concrete temperatures vary greatly near the junction of the
flange and web. The concrete compressive strength at this ceiling cross-
section decreases to 0.81-0.96 times the normal compressive strength.
Moreover, the TPRD nozzle diameters play an important role in the
concrete compressive strength of web4, where the concrete compressive
strength decreases with a rise in nozzle diameter.

Fig. 8(b) shows the maximum concrete temperatures and ratios of
residual compressive strength at the same section (X = 3.85m, Y = 4.25
m) at various depths and TPRD nozzle diameters. Different from Fig. 8
(a), the concrete temperatures are from each peak temperature at
different depths, and the ratios of residual compressive strength are
obtained by Eq. (7) with cold conditions (residual strength). In the same
range of depth, the residual compressive strength of web concrete is
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influenced by the TPRD nozzle diameter, and the larger the TPRD
diameter, the lower the residual compressive strength. However, the
concrete residual compressive strength changes a lot near the intersec-
tion of the flange and web (0.55 m-0.7 m). This is because two sides of
the web and the bottom surface of the flange are exposed to fire.

5.2. Three vehicles (scenarios 5 to 7) with different fire spread time

The influences of fire scenarios, including three HFCVs with 2 mm
TPRD nozzles and different fire spread times on the concrete ceiling, are
investigated in this section. The visualization of the gas temperatures
and fire flames at 1122.2 s is presented in Fig. 9(a), and the concrete
temperatures of the car park ceiling at the peak concrete surface
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Fig. 7. Concrete temperature and HRR histories under different TPRD nozzles and concrete depth h varying from 0 to 0.8 m from the bottom beam surface (location

of a line extracted data: X = 3.85 m, Y = 4.25 m).
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Fig. 8. Concrete temperatures and ratios of concrete strength in a fire along concrete depth h under different TPRD nozzle diameters (x = 3.85 m, y = 4.25 m): (a)

hot condition (b) cold condition.

temperature time are shown in Figs. 9(b-1)-(b-3). In light of Fig. 9(a), the
fire flames are concentrated on the bottom of the ceiling and propagate
to the ceiling sides. The maximum concrete surface temperature with a
value of 871 °C appears on web4 when all three HFCVs start burning at
the same time (Fig. 9(b-1)). When the fire spread time between cars is
20 min or 30 min (Figs. 9(b-2) and (b-3)), the maximum concrete surface
temperatures are in the web6 with values larger than 800 °C. Addi-
tionally, the time at which the maximum concrete surface temperature is
registered increases from 2100 s to 3300 s, and to 3900 s as the fire
spread between cars increases from O min to 20 min, and 30 min,
respectively.

The HRR histories and the corresponding concrete temperature
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histories along a section (X = 3.85 m, Y = 4.25 m) of the ceiling under
different fire spread times are shown in Fig. 10. Among these three
scenarios, a maximum HRR value of 44 MW appears in Fig. 10(a),
involving three HFCVs burning simultaneously. Moreover, the
maximum HRR value decreases, when the fire spread time increases and
is 40.5 MW for 20 min fire spread time and 39.5 MW for 30 min. The
HRR history curves have two obvious peak values in Figs. 10(b) and (c)
related to 20 min and 30 min fire spread, respectively. The first crest is
attributed to the TPRD activation of the middle HFCV, and the second
crest is due to the TPRD activation of two side HFCVs [40]. When it
comes to the concrete web temperatures, in all three scenarios 5, 6, and
7 the maximum temperature at a depth h = 0.05 m is larger than 320 °C,
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Fig. 9. Visualization of instantaneous flame with gas temperature in FDS at 1122.2s, and maximum temperature contours of concrete surface and ceiling cross-

section in ANSYS under different fire spread times and 2 mm TPRD nozzle.

while the maximum temperature at depth h = 0.6 m is about 200 °C.
Concrete temperatures along ceiling depth and concrete strength
reduction factors in hot and cold conditions are displayed in Figs. 11(a)
and (b), respectively. Temperatures in Fig. 11(a) are extracted at the
time that the maximum temperature appears in 0.05 m depth of web4.
For example, temperatures of 0 min, 20 min, and 30 min fire spread
scenarios are obtained at 4800 s, 5100 s, and 5100 s, separately. At these
times, the concrete compressive strength of web4 in the HFCV fire de-
creases up to a maximum value of 0.83 times the original strength.
However, the concrete compressive strength of the part of the flange
above web4 is almost close to the strength at normal temperature. This
illustrates that webs of the concrete ceiling need to be maintained after
HFCV fires. In Fig. 11(b), the maximum concrete temperatures at the
same depths are not affected by the fire spread times. The residual
compressive strength of web4 is 0.7-0.85 times the residual strength in
the ambient temperature in the upper part of the web (h = 0.05 m-0.6
m). The bottom surface of the web is subjected to much higher tem-
peratures and hence very significant damage to the concrete, where the
residual strength decreases to 0.02 times the original residual strength.
However, this happens in the tensile zone of the concrete, where the
reinforcing bars can still take the tensile forces and maintain a good
load-bearing capacity of the slabby in a limited depth in the HFCVs fire.
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6. Discussion

This study examines the thermal behaviors of concrete structures
subjected to HFCV fires in a car park setting. The simulation results
presented in section 5 highlight the significance of the TPRD nozzle
diameter. Specifically, larger nozzle diameters are associated with
increased maximum HRR values and higher maximum concrete surface
temperatures. Additionally, the TPRD nozzle diameter impacts the
concrete strength, affecting both compressive strength and residual
compressive strength. In scenarios involving multiple HFCVs, both the
maximum HRR values and maximum concrete surface temperatures
surpass those observed in single HFCV car park fires. The time when the
concrete surface temperature reaches the peak value also varies
depending on the spread of the fire between vehicles.

The car park fire model used in this study is constructed in a
straightforward manner and validated using several sub-models due to
limited test data. For instance, the HFCV main body fire is represented
by HRR per unit area, and the car park structure is analyzed locally. This
methodology is also available for studying other large and complex fire
scenarios.

Investigating the concrete temperature in HFCV fires is crucial for
improving fire safety measures and for developing robust post-fire
assessment strategies in practical engineering applications. However,
the influence of fire spread time on the concrete thermal response is not
significant within the selected range, whereas the TPRD diameter has a
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substantial impact.

Therefore, it is necessary to incorporate additional parameters in the
study of HFCV fires. To enhance the realism of the numerical model,
more detailed considerations of the HFCV fire model should be included,
and the use of a two-way coupling method should be considered.

7. Conclusions

In this study, the thermal response of a concrete ceiling slab of a
semi-open car park exposed to HFCV fire scenarios is analyzed
employing an automatic one-way coupled CFD-FEA methodology. CFD
and FEA simulations are conducted in FDS and ANSYS Mechanical
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APDL, respectively. In the coupling process, a one-way coupling inter-
face called FDS2FTMI is used to transfer data from FDS to ANSYS. The
coupling process is validated by comparing concrete temperatures pre-
dicted in a simulation with those registered in an experiment described
in the literature, where an RC beam has been exposed to a standard fire
in a propane furnace. The HFCV fire, assumed to consist of a vehicle
main body fire and hydrogen jet fire, is studied in this paper. A total of
seven HFCV fire scenarios, including four TPRD nozzle diameters (1 mm,
2 mm, 3 mm, and 4 mm) and three fire spread times among three HFCVs
(0 min, 20 min, and 30 min), are simulated to investigate the HRR,
concrete temperatures, and concrete strength. The main results are as
follows.
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(1) The maximum HRR value increases with a larger value of TPRD
nozzle diameter, while it decreases with an increment of the fire
spread time from the central vehicle to the adjoining ones. TPRD
nozzle activation can result in a striking sudden peak value of
HRR, and several peak values of HRR could happen in a fire as the
TPRD nozzle activates at different times.

The maximum concrete temperature (at the surface and inside
the web) increases with the TPRD nozzle diameter. Consistently,
for higher TPRD, the damage of the concrete also increases, as the
residual strength degradation is higher when the maximum
temperature reached by the concrete during the fire is higher.
Instead, the fire spread time between HFCVs does not signifi-
cantly affect the maximum concrete temperatures, although the
time at which the maximum concrete temperatures are reached at
a given depth increases with the increment in the fire spread time.

2

3

This study addresses one of the essential knowledge gaps in the field
of HFCV fire safety science and engineering by developing a predictive
model for car park fires involving HFCVs. The proposed technology is
recommended for HFCV fire safety engineering to offer valuable insights
into the safety design of systems and infrastructure associated with
HFCYV fires.
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