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ABSTRACT For localized fires, it is necessary to consider the thermal and mechanical responses of building elements
subject to uneven heating under the influence of wind. In this paper, the thermomechanical phenomena experienced by a
ceiling jet and I-beam in a structural fire were simulated. Instead of applying the concept of adiabatic surface temperature
(AST) to achieve fluid—structure coupling, this paper proposes a new computational fluid dynamics—finite element
method numerical simulation that combines wind, fire, thermal, and structural analyses. First, to analyze the velocity and
temperature distributions, the results of the numerical model and experiment were compared in windless conditions,
showing good agreement. Vortices were found in the local area formed by the upper and lower flanges of the [-beam and
the web, generating a local high-temperature zone and enhancing the heat transfer of convection. In an incoming-flow
scenario, the flame was blown askew significantly; the wall temperature was bimodally distributed in the axial direction.
The first temperature peak was mainly caused by radiative heat transfer, while the second resulted from convective heat
transfer. In terms of mechanical response, the yield strength degradation in the highest-temperature region in windless
conditions was found to be significant, thus explaining the stress distribution of steel beams in the fire field. The

mechanical response of the overall elements considering the incoming flows was essentially elastic.

KEYWORDS CFD-FEM coupling, steel beam, wind, ceiling jet, numerical heat transfer

1 Introduction

To date, many researchers have analyzed the thermal and
mechanical properties of steel components under fire
conditions. Compartment fires can generally be divided
into the following stages: ignition, early growth, pre-
flashover period, flashover, fully developed or post-
flashover period, and decay period. In the case of
flashover, compartment fires undergo pre-flashover and
post-flashover stages. Before a flashover occurs, the fire
will develop within the local area of the room, and thus
pre-flashover fire can also be called “localized fire”. By
contrast, post-flashover fire burns in the whole area of the
room, causing greater potential for human harm and
building damage. Early studies [1-4] mainly focused on
post-flashover fires. In a post-flashover compartment
fire, the gas properties within the compartment are
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approximately uniform, and thus the compartment ambi-
ent temperature can be approximately determined by the
time—temperature curve (e.g., ISO-834 curve [5], EC3
European specification [6]). The steel temperature can
then be obtained by substituting the fire curve into a one-
dimensional (1D) condensed heat-transfer model.
However, in actual situations, the threshold of flashover
occurrence cannot be reached in large spaces, such as
airport terminals, stadiums and parks. In this case, only
localized fires will develop [7,8], and thus the uneven
heating of building components should be considered.
Some scholars have conducted studies on localized
fires, including fire tests. However, realistic localized-fire
test reports are quite limited, especially in terms of the
response of the structure to non-uniform heating
conditions [9]. For example, Kamikawa et al. [10]
conducted tests to explore the surface temperature and
heat flux of a square steel column adjacent to and
surrounded by fire sources. Zhang et al. [11] reported the
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results of a thermal test on the heating of a 6 m long steel
W beam subjected to a localized fire. Linecham et al. [12]
conducted a series of novel fire tests on cross-laminated
timber beams subjected to sustained flexural loading.
Wiesner et al. [13] described a series of experiments
using real waste-bin fires or controlled gas burners placed
next to I-section steel columns. Yokobayashi et al. [14]
used a propane porous burner to test the steel beam under
the ceiling and measured the heat flow and temperature
distributions in detail. In the Valencia bridge fire tests,
Alos-Moya et al. [15] carried out a series of open-air fire
tests under an experimental bridge. Maraveas and Vrakas
[16] described in detail the effect of fire on the behavior
of concrete. With examples from real fire accidents, they
focused on the explosive spalling of concrete. Moreover,
Maraveas [17] analyzed the problem of local buckling of
steel structures through abundant experimental data and
numerical simulations.

The numerical simulation of localized fires involves the
coupling of three analytical models, namely, fire analysis,
thermal analysis, and structural analysis. A sophisticated
computational fluid dynamics (CFD) method is typically
used to simulate gas-phase combustion in fire analysis.
Heat penetration into the structure is simulated in the
thermal analysis, which can be addressed either using
CFD or finite-element method (FEM) code [18]. For
structural analysis, FEM codes are adopted to simulate
the mechanical response of the structure.

With fire analysis carried out in the fluid domain and
thermal and structural analysis performed in the solid
domain, numerical simulation involves fluid—structure
interaction (FSI), which includes both one-way and two-
way couplings. Although the fire—structure interaction is
fundamentally two-way, one-way coupling is used in
most studies nowadays. In one-way coupling, in order to
connect, or “couple”, the different analysis models and
boundary conditions must at some point be transferred
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between the CFD and FEM modules. To couple the fire
and thermal analyses, gas temperatures, incident radiation
heat fluxes, convective coefficients, and so forth are
transferred from the fire analysis (gas-phase) to the
thermal analysis (solid-phase). To couple the thermal and
structural analyses, temperature distributions within the
structural elements are transferred from the thermal
response calculation to structural analysis [19-22]. How-
ever, owing to the different mesh sizes and time steps of
CFD and FEM, this process is complex and often compro-
mised by its inherent imperfections. For this reason, a
new variable called adiabatic surface temperature (AST)
was proposed by Wickstrdm et al. [23,24], which is
capable of describing complex convective and radiative
conditions as one single scalar quantity. In this approach,
the Fire Dynamics Simulator (FDS) [25] developed by
NIST is commonly used for fire analysis, while thermal
and structural analyses are carried out sequentially by
adopting the finite element method using ANSYS [26],
ABAQUS [27], etc. As shown in Fig. 1, using the single-
variable AST as well as the convective heat-transfer
coefficient (h), the total heat flux, which accounts for
both convective and radiative heat fluxes in fire analysis,
can be correctly transferred to the FEM code, where
thermal and structural analyses are performed subsequent-
ly. With this methodology, some scholars [28-38]
conducted a performance-based analysis of structures
under fire conditions. For example, Silva et al. [33]
provided a fire-thermal-mechanical interface (FTMI) for
evaluating the fire-thermal-mechanical behavior of I-
shaped columns under localized fires. Polish scholar
Glema [38] investigated an approach for assessing the
performance of a concrete filled tubular column in an
open car-park fire. However, 1D heat conduction is
assumed for solid-phase calculations in FDS software,
making it difficult to accurately evaluate temperature
distributions in solids. Hence, the aforementioned study
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Fig. 1 Mainstream coupled CFD-FEM simulation approach for structural-fire analysis.
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could only discard the solid temperature information
obtained using the CFD method and apply the AST
concept to import the fluid-field information into the
FEM analysis module to re-analyze the solid-domain heat
transfer. Nonetheless, in actual fire scenarios, the
temperatures of the fluid domain and solid domain
interact with each other in the process of heat transfer,
which is a deficiency of current mainstream CFD-FEM
analysis.

The localized fire mostly takes place in open fields
where medium or low-speed incoming flows are naturally
present (e.g., large stadiums, large car parks). Also, the
chimney effect in high-rise buildings owing to the
presence of lift shafts can create air movement within the
building. Combustion in localized fire scenarios in a
building usually involves a buoyancy-controlled turbulent
diffusion flame, where the incoming flow introduces
additional inertial forces to counteract the buoyancy,
complicating the geometry of the flame; therefore, wind
fields have a non-negligible effect on fires, motivating
many scholars to study the effect. In terms of
experimental work, Hu et al. [39-46] carried out a large
number of experiments to investigate the effect of cross-
air flow on pool fires and proposed that flame-tilting
properties are related to the competition between buoya-
ncy and momentum in cross airflows. Chen et al. [47]
studied the wind effect on compartment fire under cross-
ventilation conditions through experiments. Huang et al.
[48] conducted detailed fire-tunnel experiments in a
reduced-scale compartment in order to clarify the fire
growth process in compartments under external wind
conditions. In terms of numerical simulations, Zhou et al.
[49] calculated the effects of the longitudinal ventilation
velocity of the tunnel on the heat-release rate of high-
speed train fires in railway tunnels. Yi et al. [S0] studied
the influence of canyon crosswind on the burning and
flame characteristics of ethanol pool-fires inside a tunnel
by FDS. Huang et al. [51,52] conducted an urban fire
simulation, adding the consideration of inflow wind
velocity to predict the scattering of firebrands. Bridge-
deck fire processes with different wind effects and
different positions of fire loads were simulated, and the
time-dependent temperature laws were obtained using
FDS software in some research studies [53,54]. However,
all the aforementioned studies focused on the influence of
approaching flows on the fire field, and the literature still
lacks thermomechanical analyses of structural compo-
nents subjected to fire under the influence of incoming
flows. Therefore, it is necessary to consider the influence
of approaching flows to the structure under fire
conditions.

In view of the above two aspects of fire—structure
coupling analysis and wind—fire coupling analysis, no
research has been found that considers the wind-field,
fire, thermal, and structural analyses simultaneously. For
this reason, this study examines the localized fire scenario

of a steel beam under the ceiling jet affected by different
inflow conditions via numerical simulations. By means of
CFD-FEM simulation, the coupling analysis of wind,
fire, thermal, and structural models is carried out. The
correctness of the numerical model is verified by com-
paring it with the experimental results in the no-flow
scenario, and distributions of the velocity and temperature
fields under the coupling effect of multiple scenarios are
subsequently discussed in detail. The thermal-response
properties of the steel beam affected by the ceiling jet fire
under different incoming flow conditions are explored,
including the wall temperature and radiative and
convective heat-flow distributions. Finally, the mechani-
cal response of the steel beam is analyzed in the structural
model, and the damaging effects of incoming flow on the
ceiling-jet fire and building structure are illustrated in this

paper.

2 Methodology

The coupled CFD-FEM method employed in this study is
shown in Fig. 2. This approach combines the wind, fire,
and thermal models based on the CFD simulation
method.

In contrast to the aforementioned boundary-condition
solution (applying the AST), this study solves the basic
fluid-mechanics equations, species-transport equation
using the mixture fraction, etc., in the fluid domain, as
well as the heat-conduction equation in the solid domain.
At the same time, the radiative and convective heat-flux
calculations at the fluid—solid interface are added to
achieve a two-way coupling between the three models.
Then, the temperature information obtained from thermal
analysis of the solid is transferred to the structural finite-
element-analysis software for structural analysis, which is
summarized in Table 1.

The meaning of all symbols in these formulas can be
found in Refs. [55,56], which will not be detailed here.

2.1 Gas phase

The wind and fire models focus on the fluid domain, and
the equations to be satisfied include the fluid dynamics
control equation (i.e., mass-, momentum-, and energy-
conservation equation) [55,56], the mixture-fraction
transfer equation using a simple probability model
describing the non-premixed combustion, and some
auxiliary equations (soot-generation equation, radiative
transfer equation, etc.). Some key points are described in
detail below.

2.1.1 Energy-conservation equation

In the energy-conservation equation above, A = A;+ A,
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Table 1 Equations used in CFD-FEM coupling methodology
domain name of equation description
gas phase mass-conservation equation z—‘l; +V-(pV)=0
. . 0 0 op 9 dv;  Ov;
momentum-conservation equation E(pvi) + a—xj(pvivj') = “on + B_xJ [(u +M)(6_x; + B_xi)] +08i
d A
energy-conservation equation 2 (oH)+V-(oVH)=V- (CLff VH)+Sy
P
. . lZ}
species-transport equation % W +V-(Vf)=V-(pDegV f)
turbulence/chemistry interaction o= J’Ol p(Hei(f, Hdf
C L. . O'Tg4 Ty
radiation-transport equation Q-NIT,Q)=—(a+0)I(r,QY+a—— + = [ 1, Q)HO(Q,Q)dQ
b T oy Zan
. . a
soot-generation equation E (PYsoot) +V- (pVYsoot) =V. ( e VYsoot) + Rsoot,form - Rsoot,comb
soot
fluid—solid boundary radiative and convective heat-transfer Gret = Qg + deony = E(ipe — TTH +he(Tg—Ts)
solid phase heat-conduction equation PCp % = 4V2T +qll,
virtual work principle Jo-,-jés,-jdV - (J F,'(SujdV+SJ‘ T,'(Su,'dSp) =0
P
material constitutive equation oij= E&st = E(gij— a?j)
where A_ is the fluid effective thermal conductivity and T
etr 18 T ty 2 H=Y Y+ | D), (1)
A =Cou,/Pr, is the turbulent thermal conductivity, ’ Tur

defined according to the turbulence model being used. In
this formula, c, is the thermal capacity, , is the turbulent
viscosity, Pr, is the turbulent Plandtl number, which is
generally taken to be 0.85.

H is the total absolute enthalpy of the mixture,
expressed as follows.

where Y; is the mass fraction of species i, A, is the
formation enthalpy for species i, and c,; is the thermal
capacity of species 1.

In the energy-conservation equation above, two key

assumptions are made: first, the Lewis number,
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formulated as L. = Aq/pc,Der, is 1; second, Fick’s
diffusion law can be used to describe the mass flux of the
components [57], where D.; is the effective diffusion
coefficient, satisfying the formula D= D, +u/pSc,
and D,, is the mass diffusion coefficient, p is air density,
Sc, is the turbulent Schmidt number, which is generally
taken as 0.7.

2.1.2  Species-transport equation

Turbulent diffused flames, which usually occur in
structure fires, is by nature a form of non-premixed
combustion [57]. The basis of the non-premixed
combustion modeling approach is that under a certain set
of simplified assumptions, the instantaneous thermoche-
mical state of the fluid is related to a conserved scalar
quantity known as the mixture fraction, f. The major
advantage of the application of a mixed fraction lies in
the elimination of the source term in the species-transport
equation [58].

Yi_Yiox

L M. S 2
f Yi,fuel - Yi,ux ( )

where Y, is the elemental mass fraction of the species i
in the oxidant and Y, is the elemental mass fraction of
the species i in the fuel.

2.1.3 Turbulence/chemical-reaction interaction

By linking the species-transfer equation with the energy
conservation equation through the simplified thermodyna-
mic method, the relationship between the dimensionless
enthalpy and mixture fraction is established. The
thermochemistry calculations are preprocessed and then
tabulated for reference. The value of the scalar ¢(f) (such
as temperature, species concentrations, and density) for
different mixing fractions can be calculated and stored in
reference tables before conducting the CFD simulation.
For a single-mixture fraction in an adiabatic system, ¢
depends solely on the mixture fraction; furthermore, in
the case of non-adiabatic systems, the effect of heat
loss/gain is parameterized as follows.

@i = ¢(f, H). 3)

The relationship between the mean and instantaneous
values depends on the interaction between turbulence and
chemical reactions, which is considered a probability
density function (PDF). Based on the PDF, the time-
average predicted values ¢ can be calculated as follows
(in non-adiabatic systems).

= [ prrecs Bar. @

The PDF can be assumed to take on the shape of a -

function [59], which is defined by the mean mixture
fraction f and its variance f’*, as given by Egs. (5)—(8).

f=r-1 (5)
Pw:jga—ﬁiv’ ©)
fVU.ﬁ 4, -

=
p= f*ﬂ;f)ly ®)

Using this approach, only two additional transport
equations for the mean mixture fraction f and its
variance f° have to be solved to predict chemical
reactions during gas-phase combustion. In applying the
k—& RANS (Reynolds-averaged Navier—Stokes) method,
the two additional transport equations are as follows.

%mﬁ+vnWﬂ=V(ﬂvﬂ, ©)
0y

(Pf’2)+V V)= V( Vf’z)

+ Ct(V2f) - Cdp;f’2~ (10)
In these equations, o, C,, and C4 are model constants
given by Prieler et al. [60].

2.2 Solid phase

The thermal and structural analysis models focus on the
solid domain and require the satisfaction of equations
such as the heat-transfer, equilibrium, geometric-
coordination, and constitutive equations, which are
described in detail below.

2.2.1 Thermal analysis model
For the inside of steel components, the Fourier heat-
conduction equation is

T,
c,—— = AV'T+q., (11)

p p a
where ¢/, = g, + g0 ., g, 18 net heat flux, g7, is radiation
heat flux and g7 is convection heat flux. Details are
given in Subsection 2.3.
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2.2.2  Mechanical analysis model

Under fire conditions, the steel components are subject to
a high temperature, where the constitutive relationship is
different from that at room temperature. The total strain
&; at high temperatures is superimposed by several parts,
including the free-thermal-expansion strain, g?j; the
stress-induced strain, &, which complies with Hooke’s
Law in relation to the thermal stress; and the creep strain,

gch'

(12)

_ 0
gij - gij +85T +8crs’

where ap is thermal expansion coefficient. When the
creep effect is ignored [61], the constitutive equation at a
high temperature can be expressed as follows.

0= Eeq = E(g;; - €)), (14)
where o; is stress matrix and E is elasticity modulus
matrix.

2.3 Fluid-solid interface

The mechanical response subject to wind loading is very
small and can be ignored herein. In this paper, we only
discuss the thermal effect between the fluid domain and
solid domain. The thermal effect at the interface includes
radiative heat transfer and convective heat transfer.

(15)

"o ’”
Qnet - Qrad + qconv‘

2.3.1 Radiative heat transfer

The incident radiation heat flux ¢ is calculated by
integrating the radiation intensity approaching the solid
surface.

g = flin - §AdQ, (16)
4

where I, is the intensity of the coming ray. § is the ray
direction vector and 7 is normal direction pointing out of
the domain. Most building materials are opaque and can
be treated as gray bodies.

Therefore, net radiative heat flux is calculated by

(17)

where ¢ is the surface emissivity, 7 is the surface
temperature. In this formula, o is the Stefan-Boltzmann
constant (5.67 x 10 W-m >-°C™%).

v 7 4
Graa = 8(qinc - O-Ts )’

2.3.2 Convective heat transfer

The convective heat flux g7, depends on the difference
between the surrounding gas temperature 7, and the solid
surface temperature T and is usually calculated using

Newton’s cooling formula.
(18)

The convective heat transfer coefficient s, represents
the heat-transfer capacity between a fluid and a solid
surface.

Gy = (T = T).

3 Case study for validation

The study object is a steel beam under the ceiling-jet
condition in the case of approaching flow. The experi-
mental data of Yokobayashi et al. [14] was employed in
this study for model validation. Figure 3 shows the
experimental setup. A circle diffusion burner with a
height of 200 mm and diameter of 500 mm was located
directly below a steel I-beam (cross section: 150 mm x
75 mm X 5 mm X 6 mm thickness and 3600 mm length).
The distance was 600 mm. Propane was used as the fuel,
and the heat-release rate (HRR) was 130 kW. The ceiling
was placed on top of the I-beam. Following Y okobayashi
et al.’s [14] experiment, the incident radiation heat-flux
and temperature measurements were conducted on the
steel I-beam. Since the incident radiation heat-flux
quickly approaches a steady-state, measurements were
taken for ten minutes, and the average value was recor-
ded. The wall temperature was measured at the moment
when the steel beam was exposed to fire for 30 min.
According to the placement of measuring points in the
experiment, as shown in Fig. 4, the three axes of the
lower flange, i.e., the web and upper flange of the I-steel,
were selected and labeled as lines 1, 2, and 3. Also, for
convenience, two sections of the steel beam were
selected: the YZ section (x =0) was located in the axial
middle of the I-steel, while the XZ section (y =5 mm)
was adjacent to the web surface, with a distance of 5 mm
between the two. Four points were selected on the surface
of the steel beam: point O was the origin of the
coordinates; points O, A, and B were located on the YZ
section; and point C was 0.5 m upwind of point O.

4 Numerical simulation
4.1 Computational fluid dynamics simulation
4.1.1 Computing domain and grid

A wind-tunnel domain with a size of 25 m x 8 m x 4 m
was built using Ansys ICEM CFD (Fig. 4). The model
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Fig. 3 Experimental model of I-beam subjected to ceiling jet (unit: mm).
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Fig. 4 CFD and FEM numerical models of I-steel subjected to fire.

grid adopted unstructured polyhedral mesh. After
repairing, smoothing, and simplifying, the final solid
domain was composed of a closed surface with 106524
polyhedron meshes, while the final fluid domain, which
lies outside the solid domain, included 450862 meshes.
The grid systems are shown in Fig. 4. To calculate the
boundary layer around the steel-beam model [62], 30
prism layers were positioned at the surface of the element
with a thickness of 0.02 m and growth rate of 1.16 in each
cell layer so that the entire surface of the steel beam
satisfied y < 3.

4.1.2 Numerical method

Ansys Fluent [57] was used to analyze the flow field, heat
transfer, and species transport using the finite volume
method. Table2 presents details of the simulation
method. Since the fire was time-dependent, the transient,
pressure-based solver was used for calculation. The
simulation took the effects of gravity into account. The
RNG k-turbulence model was applied for the RANS

Table 2 Numerical scheme (model settings)

item model or status

solver pressure-based, implicit, transient
turbulence model RNG k—¢ model
radiative heat transfer DO model

combustion chemical-equilibrium non-premixed combustion

soot formation one-step Khan and Greeves model

equations, with the effect of full buoyancy considered.
Standard wall functions were used to incorporate the
near-wall flow. Thermal radiation, convection, and
conduction were considered for heat transfer, and the
discrete ordinates radiation model [63] was adopted to
simulate the radiative heat transfer. The combustion
process involved the turbulent-diffusion non-premixed
combustion of propane and air. The simple PDF method
was used to describe the interaction between turbulence
and combustion statistically, and the non-premixed
equilibrium chemical model was employed for calcula-
tion. The one-step Khan and Greeves model [64] was
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used to predict the rate of soot formation, which was
based on a simple empirical rate.

4.1.3 Boundary conditions, calculation settings, and
material properties

Table 3 details the boundary conditions and related
parameters. The steel-beam surface was regarded as a
two-sided wall with a coupled thermal condition, so the
solver could calculate heat transfer directly from the
solution in the fluid zone adjacent to the solid zone. The
emissivity of the steel-beam surface was set to 0.9 in
order to simulate the experimental calibration procedure
more accurately. The ceiling and the ground were
regarded as adiabatic, i.e., no heat was exchanged with
the surrounding environment. The fuel-inlet surface was
defined as the mass-flow inlet. The mass-flow rate was
calculated by the HRR of the experiment. Uniform wind
was introduced through the inlet surface and exhausted
through the outlet surface. According to the experimental
conditions used in a previous study [14], the wind speed
was set to 0 m/s for model verification, and the
approaching flow was examined using three airspeeds: 0,
1.0, and 1.5 m/s. The turbulence intensity was set to 5%,
and the turbulent viscosity ratio was 10. The outlet
condition was set as a free outflow based on the mass-
conservation law.

The convection term was integrated using the QUICK
difference scheme, and the PISO algorithm was used for
pressure—velocity coupling. The least-squares cell-based

Table 3 Boundary conditions for simulation setting

algorithm was adopted for gradient discretization. The
second-order upwind scheme was used in the momentum,
turbulence, and energy equations. The solutions were
considered as converged when the residual dropped to 1 x
107 for the energy equation and 1 x 10~ for the other
equations. Considering the reasonable value of the
Courant number, 0.1 s was set as the time-step size, and
hence a total of 18,000 time-steps comprised a 1800 s fire
exposure.

As for the density calculations, the air mixture (propane—
air) can be regarded as the ideal non-compressible gas.
The WSGGM method [66] was employed to calculate the
absorption coefficient of the gaseous products generated
by the flame. The density of steel was 7850 kg/m’; the
thermal properties such as thermal conductivity and
specific heat capacity, which affect the elevated
temperature of steel, were used as specified in Eurocode 3
[65].

4.2 Finite-element-method simulation

4.2.1 Mesh discretization and boundary conditions

The ABAQUS software package [27] was used for the
finite-element modeling and structural analysis of the
steel beam. To model the steel-beam element, a three-
dimensional (3D), eight-noded hexahedral element with
three degrees of freedom in each node (C3D8R) was
adopted. A FE model with a mesh size of 25 mm was
selected for this study, as shown in Fig. 4. The fixed-

item boundary type boundary condition setting/
simulation setting/material property
steel-beam two-sided wall emissivity: 0.9
shear condition: no-slip
inlet velocity inlet velocity magnitude: 0, 0.5, 1.0, and 1.5 m/s
turbulent intensity: 5%
mean mixture fraction: 0
fuel inlet mass-flow inlet mass flow rate: 0.00189 kg/s

ground ceiling wall
outlet outflow
side symmetry

velocity—pressure coupling

discretization scheme for momentum,
turbulence, and energy equation

time-step size

flow time

mixture material (propane—air)
absorption coefficient of flame gas

thermal properties for steel

turbulent intensity: 5%
mean mixture fraction: 1

thermal condition: adiabatic wall
shear condition: no-slip

PISO

second-order upwind scheme

0.1s
1800 s
non-compressible ideal gas
WSGGM method
following Eurocode 3 [65]




86 Front. Struct. Civ. Eng. 2023, 17(1): 78-98

boundary conditions were satisfied by restraining the
displacement (UX, UY, and UZ) and rotational degrees
(RX, RY, and RZ) of freedom at the beam ends. The upper
surface of the upper flange contacted the ceiling and was
also considered to be a fixed constraint.

4.2.2 Material properties

To appropriately model the response of the exposed steel
member under fire conditions, its mechanical material
properties need to be defined; in the FEM analysis model,
elevated temperatures are the key parameters. The
elastic—isotropic option was selected to model the Q235
steel materials. The yield strength and the plastic strain
values were modeled using the plastic—isotropic option.
Poisson’s ratio was taken as 0.3 in accordance with EC3
[66]. The T. T. Lie high-temperature stress-strain material
model for steel [67] is shown below.

g = ETg, (8 < 8PT)
12512 (19)
o =(12.5e+0.975) f;r - R (> &1)
T
with
0.975f, — 12.5f2
&= — f”lz S (20)
T . f;/T
where
B0 —L ____ (r<600°C) @)
E,  2000In(T/1100)’ h
E;  690-0.69T
Lo 7 (600°C < T <1000 °C 22
En~ T-535 < ) @
and
Mojor—T  r<e00°c)  (23)
foo 9001n(T/1750)
340—0.34T
Jor _ 34020341 (600°C < T <1000°C)  (24)

fao  T—=240

The equation for the thermal expansion coefficient a;
recommended by NIST TN1681 [68] is as follows.

@, = 1.17x 107 +1.34x 107°T,

—9.7x 107272 +1.67x 107°T .. 25)

4.3 Computational fluid dynamics—finite element method
coupling

As mentioned in the introduction of this paper, most
researchers use FDS for fire analysis, apply the AST

concept to transfer the fire information, and then use FE
methods for thermal and structural analyses. In this study,
the use of CFD methods allows two-way coupling of fire
and thermal analyses, which is a more rational considera-
tion of the heat transfer between the fluid and solid
domains. After thermal analysis, only the solid tempera-
ture of the component needs to be imported to the FEM
module. The difference in modeling the steel beam in
CFD and FEM leads to different numerical grids for the
steel beam. Therefore, the solid temperature in the CFD
module has to be mapped on the numerical grid applied in
the FEM simulation. Figure 2 shows the means of
operation when information on the internal temperature
distribution of the member is transferred between the
CFD and FEM analyses.

5 Results and discussion
5.1 Model validation

5.1.1 Grid-independent study

A grid-independent study was conducted for no-
incoming-flow conditions to ensure that the numerical
results were unaffected by the number of mesh cells in
the computational domain. Figure 5 shows the variation
of the solid temperature at four points on the surface of
the steel beam during the fire; the three symbols indicate
the three different mesh models. Mesh 2 (560862
polyhedrons) and Mesh 3 (926732 polyhedrons) were
based on Mesh 1 (2728433 triangles) and were transfor-
med into polyhedral grids, resulting in a significant
reduction in the number of grids. The degree of curve
agreement confirms the irrelevance of the grids to the
numerical simulation results. Considering the computa-
tion speed and accuracy of the simulation results, the
Mesh 2 model was selected for the subsequent numerical
study.
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600+ Point A @  Mesh 2
feme P0int B o Mesh 3 T e e
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500- 5
4004
300 #* [Mesh1__ Mesh2 _ Mesh 3
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0 300 600 900 1200 1500 1800
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Fig. 5 Surface-point temperature variation.



Jinggang ZHOU et al. Wind—fire—structure coupling model 87

5.1.2 Comparison with experimental results

Figure 6 shows a 3D diagram of the 400 °C isothermal
surface of the flame obtained from the FLUENT simula-
tion. The ceiling jet has a semi-constrained, gravitatio-
nally stratified flow; horizontal flow occurs when the flue
gas accumulates to a certain thickness under the ceiling.
As can be seen in the figure, the impact area of the plume
on the ceiling was generally round.

VA

ety

mean-temperature:

Figure 7 shows the wall temperature at 1800 s when the
steel beam was subjected to fire. As the middle region is
directly heated by the flame, the temperature here is the
highest, with the lower flange reaching close to 600 °C.
The web and upper flange have similar temperatures,
which are slightly lower than that of the lower flange.
Figure 7 shows the axial variation curves of the wall
temperatures of lines 1 and 2 (only the half-wall
temperature is displayed because the wall temperature is
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Fig. 6 Isothermal surface (400 °C) of the flame without incoming flow (unit: °C).
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Fig.7 Temperature distributions of steel beam at 1800 s (unit: °C).
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symmetrically distributed). The numerical simulation
results in the central high-temperature region are in good
agreement with the experimental results. Extending from
the middle to both ends, the temperature gradually
decreases and produces an asymmetrical distribution,
while the numerical simulation results are slightly higher
than those of the experiments at the end.

Figure 8 shows the mean surface incident radiation
heat-flux ¢”, . of the steel beam (600 s time-averaged
results). The symmetric distribution pattern of ¢”,_ is
similar to that of the temperature; it is high in the middle
region of the beam, reaching a maximum of 32 kW/m? in
the numerical simulation, and decreases rapidly as it
extends from the middle to the ends, where it is already
below 5 kW/m? at x=0.5 m. The value of g7, is the
highest at the lower flange of the beam, followed by the
web, with the lowest value occurring at the upper flange.
Figure 8 also shows the ¢”,. curves along the axial
directions of lines 1 and 2. The numerical simulation
results are in good agreement with the experimental
results of Yokobayashi et al. [14]. The simulation results
are slightly lower than the experimental results for the
middle of the I-beam and are closer to the experimental
results at the end of the beam. The accuracy of the
numerical simulations was verified by comparison with
the test results.
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5.2  Wind and fire analyses

After the accuracy of the numerical model was verified,
the wind model was activated to test the impact of
incoming flow on the fire-affected steel beam. For
comparison purposes, the partial results of the windless
conditions are also given.

5.2.1 Speed field

Figure 9 shows the z-direction velocity distribution of gas
in the YZ section in a windless fire scenario obtained by
numerical simulation, where the arrow size represents the
relative magnitude of the combined velocity and points in
the direction of the combined velocity vector. As can be
seen, the updraft flow changes from vertical to horizontal
when it encounters the ceiling, spreading along the
underside of the ceiling in all directions. The updraft
reaches a maximum speed of nearly 3 m/s, with the
highest velocity occurring directly below the lower flange
and on both sides. In addition, after it encounters the
lower flange, the updraft generates shunting, with
vortices formed on both sides, resulting in a local area
with low wind speeds. As there is no incoming flow, the
flue-gas flow is distributed symmetrically.

10 12 14 16 18 20 22 24 26 28 30 32
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20 —a— experimental data
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Fig. 8 Surface incident radiation heat-flux distributions of the steel beam in kW/m?.
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Fig. 9 Velocity distribution in the z-direction without flow (1800 s time-averaged result; unit: m/s).

Figure 10 shows the x-direction velocity distribution of
the XZ cross-section without incoming flow and with 1
m/s incoming flows, respectively. As can be seen from
the graphs, there is a noticeable tilting of flue gas under
the influence of incoming flow, which becomes more
significant with increasing flow speed. Meanwhile, the
position at which the high-temperature flue gas impinges
on the lower flange of the I-beam moves toward the
leeward end. The high-temperature flue gas moves
obliquely upwards from the fire source, gathering in the
local area formed by the upper and lower flanges of the I-
steel to produce vortices (shown in Fig. 9) that spiral
forward along the direction of flow.

5.2.2 Temperature field

Figure 11(a) shows the gas-temperature distribution in the
YZ section obtained by numerical simulation. Owing to
the existence of I-steel, the spatial temperature field of
fire is very different from the ceiling jet flow without the
steel beam. Some of the fuel and oxygen converge on
both sides of the web, and their chemical reaction results
in the high-temperature region in the upper and lower
flanges of the I-steel, with the highest temperature
reaching ~ 1150 °C (red zone in Fig. 11(a)). This can be
explained by the mixture fraction, as shown in Fig. 11(b),
which is = 0.1 in this region, close to the equivalent ratio
of propane combustion where the fuel reacts most fully
with oxygen and thus emits the highest amount of heat.
Considering the effect of flow, Fig. 12 displays a 3D
scheme of the 200 °C isothermal surface of the fire plume

at an incoming flow velocity of 0.5 m/s. As the figure
suggests, the incoming flow influences the plume morpho-
logy to a great extent, which is eventually balanced by the
lateral inertia of the incoming flow and the upwards
buoyancy of the high-temperature plume.

Figures 10(a) and 10(b) illustrate the gas-temperature
distribution in the XZ section without incoming flow and
with 1 m/s incoming flows, respectively. The spatial
temperature field distribution of fire changed considera-
bly in response to the incoming flow. In the absence of
incoming flow, the temperature distribution is symmetric.
By contrast, the flame was significantly blown askew
under the influence of incoming flow. The highest gas
temperature occurs in the leeward area of the brazier,
close to its surface. The temperature of the hot flue gas in
contact with the I-steel is much lower than that without
incoming flow, and it drops dramatically with increasing
wind speed.

5.3 Thermal analysis

5.3.1 Wall temperature

The left side of Fig. 13 shows the wall temperatures of
the I-beam at 1800 s, when the incoming flow is
considered; the curves of the wall temperature along the
axial direction of lines 1, 2, and 3 are shown on the right.
In the axial direction, the temperatures of the steel beams
are no longer symmetrically distributed, but two tempera-
ture peaks successively appear on one side, forming
“humps” in the distribution. As the flow-velocity
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Fig. 10 Velocity (m/s) and temperature (°C) distribution generated using the 1800 s time-averaged results: (a) without flow; (b) wind
speed of 1.0 m/s.
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Fig. 11 Temperature and mixture-fraction distribution without cross flow (1800 s time-averaged results): (a) temperature distribution (°C);

(b) mixture-fraction distribution.
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Fig. 12 Isothermal surface (200 °C) of flame with 0.5 m/s incoming flow.

increases, the distance between the two temperature peaks
grows. The lower flange temperature of the steel beam is
the highest, followed consecutively by that of the web
and the upper flange temperature. In Fig. 7, the wall
temperature of the I-beam without incoming flow is
basically axisymmetric, with only one peak in the
proximity of x =0 that reaches a maximum of nearly
600 °C. On the other hand, the maximum wall tempera-
ture of the I-steel is =~ 250 °C when the 0.5 m/s flow is
considered, and the maximum temperature is only =
200 °C when the wind speed increases to 1.5 m/s. It can
be seen that in this particular case, the heating of the I-
steel is remarkably weakened when subject to the
influence of incoming flow.

5.3.2  Wall heat-flux

Next, the heat flux received by the I-beam in a fire
environment is analyzed, which includes radiative heat
flux and convective heat flux. The left and right of
Fig. 14 show the mean net radiation heat-flux ¢”_, and

convective heat-flux ¢~ distributions for the combus-
tion process, respectively. Figure 15 is the axial variation
curve of radiative and convective heat fluxes received by
the lower flange (line 1), web (line 2) and upper flange
(line 3).

The gas temperature around the I-beam is higher than
the wall temperature, and hence the ¢”_,, of the whole
beam is positive; the higher these values, the closer they
are to x = 0, reaching a maximum of ~ 15 kW/m” at the
lower flange. The convective heat-flux curve suggests
significant fluctuations owing to the flame pulsation in
combustion. From a hydrodynamic perspective, flame
pulsation is the result of the density difference under
gravity between the rising flame plume and the
surrounding air, which is called Rayleigh-Taylor
instability.

The distribution of the net radiative heat flux g7, is
more complex than that of convection. For the lower
flange, the incident radiation heat-flux ¢”, . near x=0
directly exposed to the fire is very large—higher than the
radiation flux released by the lower flange itself. This
leads to the positive ¢”_, in this range and the maximum
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Fig. 13 Wall-temperature distribution with cross flow (1800 s moment results, unit: °C): (a) wind speed of 0.5 m/s; (b) wind speed of
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Fig. 14 Wall heat-flux distribution without cross flow (1800 s time-averaged results, unit: kW/m?): (a) mean net radiation heat-flux and

(b) convective heat-flux distributions.

value of ~ 2.5 kW/m®. For the adjacent regions on both
sides, as shown in Fig. 8, the ¢”,. received decreases
rapidly, and the decrease rate of the wall temperature is
relatively slow owing to the heat-conduction effect inside
the steel, quickly making the ¢”_, become negative,

reaching a minimum value of ~ —4 kW/m” at a distance of

0.2 m from the middle on both sides. It then gradually
decreases to 0 along the axial direction toward the ends,
indicating that the heat radiation gradually disappears.
Owing to the special shape of I-steel, the view factor
between the web and flame radiation is very small,

resulting in the ¢”, . received by the web being less than

inc
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the emission radiation flux released outwards from its
surface. This leads to a negative ¢”_,; the closer this
value is to x = 0, the smaller it is, reaching a minimum of
~ —4.5 kW/m’. For the upper flange, g”_, is positive,
reaching maximum values of ~ 2.5 kW/m? at x = 0. Both
radiative and convective heat transfer lead to the
temperature rise of the I-beam. Statistically, convective
heat transfer contributes more to this temperature rise
than radiative heat transfer.

Figure 16 displays the distribution curves of radiative
heat-flux ¢”_, and convective heat flux ¢~ in different
incoming flow conditions and different regions of the

93

The radiation distributions in the upper and lower
flanges (lines 1 and 3) are similar, with the peak value
appearing at = x = 0.3 m with basically no change in the
incoming flow velocity. The convection peak constantly
shifts downwind and decreases with increasing incoming
flow velocity. Taking the lower flange as an example, the
peak value of convection decreases from 4 kW/m?’ at
0.5 m/s to 3 kW/m? at 1.5 m/s.

For the web (line 2), the radiation effect is significantly
reduced, showing a positive—negative distribution along
the x-direction. The dividing point moves in the

I-steel, which can be summarized as follows. downstream direction with the increase in inflow
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Fig. 15 I-beam wall heat transfer (radiative, convective, and net heat fluxes) without cross flow: (a) line 1; (b) line 2; (c) line 3.
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Fig. 16

I-beam wall heat transfer (radiative, convective, and net heat flux) with cross flow: (a) line 1; (b) line 2; (c) line 3.
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velocity, and the absolute value of the positive and
negative is less than 0.5 kW/m’ The convection
distribution is similar to that of the flanges, and the peak
value shifts along the downwind direction with the
increase in flow velocity.

It can also be seen that radiation is dominant in the
receiving heat flux of the lower flange, while convection
is dominant in that of the web plate. For the upper flange,
convection is dominant at low incoming velocity (0.5
m/s), convection and radiation are equivalent at medium
velocity (1.0 m/s), and radiation is dominant at high
velocity (1.5 m/s). For the I-beam, radiation mainly acts
on the x=-0.25-0.5 m axial zone on the downwind
side, while convection mainly acts on the x =0.75—1.5 m
axial zone in the downwind end.

without incoming flow
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without incoming flow

S, Mises

+2.4e+02
+2.2¢+02
+2.0e+02

without incoming flow
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+5.7e-01

+4.7¢-02
+0.0e+00

It can be inferred from the above analysis of radiation
and convection of the I-beam that the two wall-
temperature peaks (Fig.13) under the influence of
incoming flow are mainly caused by radiative heating and
convective heating. The distance between the two
temperature peaks grows with the increase in the left
incoming flow velocity because the second peak-
temperature region dominated by convective heating
continuously shifts toward the downstream direction.

5.4 Structural analysis
Figure 17 illustrates the mechanical responses of the steel

beam at 1800 s under different incoming flow conditions,
which include strain, stress, and displacement responses.

wind speed 1.0 m/s
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Fig. 17 Mechanical response of steel beam under different incoming flows: (a) strain distribution; (b) stress distribution (unit: MPa);

(c) deformation distribution (unit: cm).
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The strain distribution of the steel beam in the absence of
wind differs from the temperature distribution, with the
highest strain occurring in the upper flange region,
followed by the web and lower flange. This is because the
top surface of the upper flange is considered to be fully
restrained. As it extends toward the end of the sides along
the x-axis, the temperature gradually drops, and the strain
decreases accordingly. Meanwhile, the stress distribution
is more complex. At only = 150 MPa, the von Mises
stresses in the hottest region of the web and the lower
flange are not among the highest values. However, the
maximum stress can reach nearly 240 MPa in the
proximity of x=+0.6 m. This is because, according to
the constitutive relationship at high temperatures (Eq.
(23) above), the maximum temperature of the beam
exceeds 550 °C, and the yield-strength degradation at
high temperatures is already evident. Although the strain
in the highest-temperature region reaches a maximum and
plastic deformation is obvious, the stress value decreases
as the yield-strength decreases. Extending axially toward
the ends, the yield-strength degradation weakens as the
temperature drops significantly, and thus the stress value
increases as the yield strength increases. Extending
further toward the ends, the stress decreases with the
reduction in the strain.

In addition, local buckling is a failure mode commonly
observed in thin-walled structural steel elements. This
phenomenon is mainly related to the width-to-thickness
ratio of the plate. The larger this ratio, the more likely
local buckling will occur. At high temperature, the elastic
modulus and yield stress of the steel are reduced to
varying degrees, complicating the buckling analysis. The
above study only considers the constraint effect of the
ceiling, so it does not involve the problem of local
buckling. It is expected that future work will be carried
out to solve this problem.

The mechanical response of the steel beam subject to
wind is significantly lower, regardless of stress, strain, or
displacement response. When the incoming flow is taken
into consideration, the maximum temperature of the beam
is only = 240 °C. At this time, the yield strength
degradation at a high temperature is insignificant, and the
reduction in yield strength is negligible. In addition, the
vast majority of the beam is in an elastic state that does
not reach the yield strength. The strain distribution of the
steel beam is therefore very similar to the stress
distribution. For the lower flange and the web, the
maximum stress is located in the highest-temperature
region at = 160 MPa. The stress and strain of the upper
flange are higher than those of the web and lower flange
because the upper flange is fixed in place.

Without inflow, the maximum deflection of the steel
beam occurs in the middle region, and if inflows are
considered, it occurs in the area behind the middle section
of the downstream direction. It can be seen from the

figure that the displacement response is very small in the
absence of an external mechanical load, and the
displacement response without incoming flows is greater
than that with flows.

For the examples selected in this paper, the additional
wind analysis does not exacerbate the mechanical damage
response after fire. However, this does not mean the wind
model is meaningless. It is conceivable that the wind has
such a huge influence on the fire field that many
scenarios exist where winds will exacerbate damage to
the structure in a fire situation. To further investigate this
possibility, further work is expected to be carried out in
the future.

6 Conclusions

In this paper, a numerical simulation method for
structural fire analysis was proposed based on CFD-FEM
coupling considering the impact of wind.

1) To evaluate the FSI (fluid—structure interaction),
wind, fire, thermal characteristics, and structural
mechanics were simultaneously considered. In contrast to
solving the boundary conditions (applying the AST), as
described in the Introduction, this study integrated the fire
analysis, influence of wind, and thermal analysis using
Fluent software by solving the equations simultaneously.
This allowed the two-way coupling between the fluid-
temperature domain and solid-temperature domain to be
realized, which better reflects the actual heat transfer
taking place. After the internal temperature distribution of
steel was obtained, it was transmitted to FEM for
mechanical response analysis.

2) The validity of the numerical simulation method was
verified by comparing the results with the experimental
results of an I-beam located under the ceiling in the
absence of incoming flow. The velocity and temperature
differed significantly from the ceiling jet without the I-
beam. The fire plumed and smoke swirled in the local
area of the upper and lower flanges and webs of the I-
steel, forming a local high-temperature zone. The
contribution of thermal convection was greater than that
of thermal radiation as the temperature increased.

3) The plume was noticeably blown askew under the
effect of left inflow, and the highest-temperature area was
quite different from that of the windless situation. The
surface temperature of the I-steel exhibited two-peak
distributions characterized by “humps” along the axial
direction. Under the effect of incoming flow, convection
and radiation were reflected in different regions of the I-
steel in the axial direction. The reason for the bimodal
temperature distribution was elucidated: the first peak-
temperature region was mainly caused by radiative heat
transfer, and the second was mainly due to convective
heat transfer.
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4) In terms of mechanical response, under windless
conditions, the yield strength degraded remarkably in the
highest-temperature region. As a result, the maximum
stress did not occur in this region but rather on the
adjacent sides. The mechanical response of the structure
with incoming flows was significantly lower than that
without wind, resulting in a basically elastic state with
similarly patterned cloud distributions of temperature,
strain, and stress. Since the applied load was not
considered, the displacement deflection of the steel beam
was small, and the deflection was higher in the absence
than in the presence of incoming flow.
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