KSME

@ Springer

Journal of Mechanical Science and Technology 34 (9) 2020

Original Article
DOI 10.1007/s12206-020-0838-4

Keywords:

- Design fire curves

+ Fire dynamics simulator

- Large eddy simulation

- Mixing controlled fast chemistry
- Mixture fraction

- Tunnel fire

Correspondence to:
Chang Bo Oh
cboh@pknu.ac.kr

Citation:

Myilsamy, D., Oh, C. B., Lee, C. Y. (2020).

Numerical investigation of prediction
performance of design fire curves for a
tunnel fire. Journal of Mechanical Science

and Technology 34 (9) (2020) 3875~3887.

http://doi.org/10.1007/s12206-020-0838-4

Received March 16th, 2020
Revised  May 27th, 2020
Accepted June 18th, 2020

+ Recommended by Editor
Yong Tae Kang

© The Korean Society of Mechanical
Engineers and Springer-Verlag GmbH
Germany, part of Springer Nature 2020

Numerical investigation of prediction
performance of design fire curves for a
tunnel fire

Dinesh Myilsamy', Chang Bo Oh' and Chi Young Lee?

'Department of Safety Engineering, Pukyong National University, Busan 48513, Korea, “Department of
Fire Protection Engineering, Pukyong National University, Busan 48513, Korea

Abstract The prediction performance of design fire curves is numerically investigated for
tunnel fire using the fire dynamics simulator (FDS). A large eddy simulation (LES) was adopted
in the simulation of a previous 750 kW tunnel fire experiment. Based on the experimental heat
release rate, t-fire growth, quadratic and exponential design fire curves (DFCs) are mathemati-
cally constructed and adopted in the FDS simulation. The predictions of each DFCs are com-
pared against the experimentally measured smoke temperature, smoke travel time, and carbon
monoxide (CO) concentration. In addition, the prediction performance of the mixture fraction
(MF) and mixing controlled fast chemistry (MCFC) combustion models, is compared. The simu-
lation results of the MF and MCFC models are similar except for the CO concentration features.
For the performance of the DFCs, t>fire growth curve with the MF combustion model is the
most effective combination, which demonstrated the most reasonable agreement with the ex-
perimental data.

1. Introduction

Tunnel transportation is a fast and efficient transportation system, especially in urban and
mountainous areas. In addition, tunnel transportation reduces noise pollution and traffic con-
gestion in cities. However, when a tunnel fire accident occurs, it causes catastrophic damage to
human life and transportation facilities. Many sever tunnel fire accidents in road tunnels have
occurred worldwide, such as those in St. Gotthard (1997), Mont Blanc (1999), Kaprun (2000),
Tauern (2002), Trojane (2011), and Gudvanga (2013) tunnels [1]. To understand the potential
risks involved in tunnel fire accidents and to enhance public safety, various tunnel fire studies
have been performed [2-8]. However, tunnel fire experiments are complex, difficult to reproduce,
and expensive. In addition, it is not feasible to perform experiments with many different fire
scenarios. Hence, numerical simulations with appropriate fire scenarios have been performed
to overcome the challenges in tunnel fire experiments.

Numerical simulations provide the flexibility of solving complex problems efficiently. They can
provide three-dimensional visualization of fire spread, smoke flow movement, and toxic gas
production rate with sufficient accuracy. Many simulations for tunnel fires have been performed
[4, 5, 8-11], which studies primarily focused on toxic gas production and smoke flow physics
involved in tunnel fire experiments. Furthermore, the experimental fire condition was used as
the initial fire input. However, simulations employing only the experimental fire condition are
limited in representing various tunnel fire scenarios because the scenarios for fire risk assess-
ment should include various fire growth, maximum and decay phases. For the consolidation
and convenient simulation of tunnel fires, a design fire curve (DFC) was developed as an initial
condition of fire scenarios [12].

A DFC can represent either the worst-case fire scenario or a conceivable fire scenario and is
used to estimate a reasonable upper bound of the consequence [13]. A design fire can be rep-
resented as a heat release rate (HRR), fire load density, and production rate of combustion
products. Kim et al. [14] demonstrated the importance of the HRR for estimating fire growth and
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Table 1. Mathematical description of design fire curves.
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Fig. 1. Comparison of temporal HRR variations obtained by experiment and
approximated DFCs.

temperature in structural fires. Babrauskas and Peacock [15]
considered the HRR as one of the most crucial variables in fire
hazard analysis. Therefore, the DFC is typically expressed as a
simple mathematical form by combining the maximum HRR
with different fire growths and decay rates.

Ingason [16] developed a mathematical form to calculate the
HRR and time required to attain the maximum HRR and fire
duration in fuel-controlled fires in tunnels. Kim and Lilley [17]
suggested a simple form of a tfire growth curve to express fire
behavior and flashover. Ingason [12] suggested different DFCs
and demonstrated that the length of the maximum HRR con-
stant period depended on the total heat content of the fire load.
For risk assessments, numerical simulations with DFCs pro-
vide many advantages for investigating fire behaviors in tun-
nels with different fire scenarios. However, the prediction per-
formance of the suggested DFCs through the simulation of
tunnel fires has not been validated by comparing it with ex-
perimental results.

Hence, the main objective of this study is to investigate the
prediction performance of previously suggested t*-fire growth
[14, 17, 18], quadratic, and exponential DFCs [12] for tunnel

fires by adopting DFCs in numerical simulations as an input
condition. The simulations were performed using the fire dy-
namics simulator (FDS) developed by the National Institute of
Standards and Technology (NIST) with a large eddy simulation
(LES) approach. Mixture fraction (MF) and mixing controlled-
fast chemistry (MCFC) combustion models were used in the
simulation to determine the effects of the models. The simula-
tion results with each DFC were validated by comparing them
with the temperature, smoke travel time, and CO concentration
obtained in a previous tunnel fire experiment [7].

2. DFCs

In this study, tfire growth [14, 17, 18], quadratic, and expo-
nential DFCs [1, 12] were based on previous experimental
HRR data for tunnel fire [7] using the mathematical expres-
sions shown in Table 1. These DFCs were used in the simula-
tions of tunnel fire as an initial fire condition. The t-fire growth
curve is the most widely used in building and structural fire
safety analyses. The DFCs used for building fire safety analy-
sis are primarily focused on the fire growth rate to address
unique fire development scenarios that may occur in building
fires [1]. However, the quadratic and exponential design fire
curves were originally designed for tunnel fires.

Fig. 1 shows the temporal HRR variations obtained experi-
mentally [7] and the approximated DFCs. The numerical values
for the mathematical expressions of the DFCs are shown in
Table 2. The HRR growth rate expressions of the quadratic
and t2fire growth curves are similar, but the value and duration
of the maximum HRR and decay phase modelling differ. The
growth, maximum, and decay phases of an exponential design
fire can be represented as a single mathematical expression.
Exponential DFCs are primarily applicable for fuel-controlled
fires and fires with a negligible constant maximum HRR phase
[12]. It is noteworthy that the level-off time (z, ) and the decay
phase starting time (z,) for the t-fire-growth curve were ob-
tained from mathematical approximations. The studies of Kim
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Table 2. Numerical values of design fire curves parameters.

Q‘wu,m' tlu td ag afl
. lo Lona n q
(O.) (ter) (%) (e,) | (o) ’
tfire growth curve 7024 0.0 80.0 335.0 700.0 0.1125 0.0052
Quadratic curve 786.0 145.0 325.0 0.0373 0.0086
Exponential curve 786.0 - - - - 40022 2.3705 0.0063
et al. [14, 17, 18] used 1 MW as a reference HRR value to Enthalpy:
model lthe fire growth rate.(ozg ). In addition,l it is complex to aph. a( ﬁgﬁv) Dp .. o af. of
determine the ¢, and ¢, instants for a continuously fluctuat- o + . =E+q _87+87 k n +
ing HRR curve. However, in this study, the maximum HRR is ! o ! 4)
785.4 KW and the HRR curve fluctuates continuously with time. Za[pD i BY(I] )
Therefore, the t>fire growth formulation used by Kim et al. [14, —ox, 0“7 ox,
17, 18] requires modifications to model the constant maximum
phase of a continuously fluctuating HRR curve. Thus, Equation of state:
the O, approximated by averaging the HRR over the pe- 14
riod between the instants of 80 % of the peak HRR values. The p= RT (%)

t, and ¢, instants were determined from the first and last
instants of 80 % of the peak HRR value. The ¢, and «, was
calculated from the approximated ¢, and ¢, instants and the
obtained Q,,., value found to be approximately 90 % of the
maximum peak HRR value. Also, the preliminary design fire
studies of Baek et al. [19] showed the maximum peak HRR
value is not so important in DFC modelling when the O, is
over 70 % of its maximum peak. Detailed descriptions of t-fire
growth, quadratic, and exponential DFCs are available in Refs.
[14, 17, 18] and Refs. [1, 12], respectively. The calculation
procedures for the quadratic and exponential DFCs were the
same as those in the original studies [1, 12].

3. Numerical methods
3.1 Governing equations

The FDS developed by NIST was used to investigate the
prediction performance of DFCs for tunnel fires. The FDS
solves low-Mach-number approximated governing equations
for low speed, thermally driven flows. Filtered LES governing
equations of mass, momentum, species and enthalpy were as
follows:

Mass:
9p 9P _ !
o ox,
Momentum:
agtﬁ,- +E§j(pﬁﬁj):_§i_gz_§+pg, : )
Species:

ata ox, ; 5 L @
) —aTCl(p“'Y" _/3,;!)?‘1) + ax(PD,Z aif‘ J +iit,

The FDS does not explicitly solve the energy conservation
equation; instead velocity divergence is factored out from the
Eq. (4).

1D .,
e | B p—ph)+d +¢ -V | 6
u phx[Dt(p ph)+q +q, q} (6)

The stress due to viscous forces is obtained from the total
deviatoric stress. The total deviatoric stress (rj) is
expressed as

o ST e ST =2 )X

1(u ou ) 1
- & L1——(V-i)8. |. 7

The constant smagorinsky was used as a subgrid scale
model for this study. The thermal conductivity and material
diffusivity are related to the turbulent Schmidt, and Prandtl
number, respectively. In the constant smagorinsky model of the
FDS, the values of Sc¢, and Pr, were setto 0.5.

#LESC
k, =—1 8
=2 ®
PD, ZIL;LES : )
C,

t

A detailed description of the turbulence approach and
subgrid scale model is available in Refs. [20-23].

3.2 Combustion model

In this study, the MF model of FDS version 5.5 and the
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MCFC model of FDS version 6.3.2 were adopted to investigate
the effects of the combustion model on the results of tunnel fire
simulations.

3.2.1 MF model

FDS version 5.5 adopts an MF model that considers the
following two-step reactions to enhance the CO prediction
performance. In the MF model, species equations are not
solved, but equations for the mixture fraction are solved as
follows:

C.HONM, +v;7202 - (10)
VioH,0+ (v;U Ve ) CO+V,S+v, N, +v, M

vgv[co%oz —>coz} . (11)

Eq. (10) cosniders two stoichiometric coefficient v, and
v, for CO. v, is the stoichiometric coefficient for a well-
ventilated fire that is later converted into CO,, and v, is the
fixed CO production specified as the CO yield in the FDS by
the user. The first reaction is based on a fast (instantaneous)
reaction of fuel and oxygen to form CO and other products.
The volumetric fuel consumption rate is computed as follows:

in(pY.,spY
i = '"(PP) 12)
WF

s =
v, W,

0,77 0

(13)
o C(5x><5y><52)§

- (14)

LES
The default emperical constant value (C = 0.1) was used in

the simulation. The second-step reaction considers the finite
rate reaction [19] to convert the CO to CO,

k(T)=2.53 %102 9S47RT -

The two-step reactions requires three independent variables
to track the amount of fuel, amount of fuel converted to CO,
and amount of CO reacted to form CO,. A linear combination
approach was considered to derive the transport equations for
fuel, CO and CO,:

DYy . ppvy, +ii, (16)
‘ )

% =V. DpVYco + mZ'(),l +m20,2 (17)

DY, "

ﬁ =V DpVY(‘U2 +m(,‘02,2 . (18)

From Egs. (16)-(18), transport equations for three submixture

fraction varibales can be derived and expressed as the Egs.
(19)-(21), respectively. In the equations, the three submixture
fractions are not conserved scalar.

DZ L
L=V DpVZ, i, (19)
. W

DZy v ppvz, -, + Loz (20)

Dt Vel o
—_—

DZ _y.ppvz, - Lilcoz (1)

Dt V(‘(} co
where
Z,=YZ, = LYC{); Zy= i Y(‘Uz : (22)
Veo Wco VcoZ WCO2

The final mixture fraction, is a conserved scalar, Z, can be
calculated by the summation of all the three submixture fraction
variables.

Ve v+ ey, =27 (23)

COWeo,

Z+Z,+Z,=Y. +

VCO co

A diluent can be considered in the fuel or oxidizer stream in
the MF concept. The diluent is assumed to be nitrogen, its
mass fraction in the fuel stream is Y, =1-Y;/ and the
ambient mass fraction of oxygen and nitfogen is estimated
from Yy =1-7Y; . Accounting for fuel dilution, the three
submixture fractions can be expressed as follows:

Z =% (24)
.Y
T 2
co” co F
Z,= WW1F/ o (26)
co,Yco, 1F

The Mass fractions of each species were computed as
follows:

Y, =ZY/ (27)
Y, =(1-2)¥; - W;;YF, (Vo, 2, +VZ,) (28)
r, =ttt ., )
Yoo, = VWW vz, (30)
Yo :V”“’?W’WYF’(ZZ+Z3) (31)

F
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W,
Y, =(1-2)Y; +Y; Z, +%Y;(z2 +Z,) (32)

F

v=2hy(2,42,). (33)

r

The stoichiometric coefficients were calculated as follows:

Veo t Vo =2

Vo, =Veo, 5 (34)
v, _VeotViuo (35)
’ 2
WF
Veo = Wico Yeo (36)
Veo :x_Vco_(l XH)V; (37)
Veo, =x—V,—(1-X,)v, (38)
Vio = 2. XV, (39)
2
a
L =— 40
v, = (o)
W,
=—Ly . 41
Ve (41)

The heat release rate per unit volume for the first step was
computed as follows:

§ =i AH, . (42)

After the first-step reaction if ¢" =0, in a gird cell, then the
heat release rate of the second-step is computed using Eq.
(43):

ma.x(pZz,s,oYO2 )

St AHCO’ qmm - l] (43)

Gco = Min

After the first step reaction if ¢" =0, in a grid cell, then the
FDS assumes that the cell was outside of the combustion
region, and a finite-rate reaction computation was performed to
convert CO to CO,. The heat release rate was computed using
Eq. (44).

¥,
ot

(’}20 =pAH, (44)

A detailed description of the mixture fraction model is
available in Refs. [20, 21, 24, 25].

3.2.2 MCFC model

A single-step MCFC combustion approach was implemented
using FDS version 6.3.2. A typical hydrocarbon reaction to
predict the CO concentration and soot for a single-step MCFC
is as follows:

VO (V()M,OZ + VNN,NZ + VHZU,OHZO + VCUZV‘,COZ ) + Vl (C H 0 Nl))

SV, (Ve €O, 4,0, H0 4V, N, +V,, ,CO+V, ,Soot )
(45)
where the CO yield and soot yield are user-specified values.

The model for the species source term 7z, in the species
transport equation is expressed as

. (46)

m, =p o

The mean chemical source term for the fuel is expressed as

. (YY]
mn| ———
— N
i, = —p————.. (47)

mix

The heat release rate per unit volume in the governing
equation is obtained from the summation of species mass
production rates and the respective heat of formation.

§ ==, . (48)

A detailed description of the mixing controlled fast chemistry
apporach is available in Refs. [22, 23].

3.3 Solution procedure

The FDS employs an explicit time-marching scheme as a so-
lution procedure to solve fire-induced flows and is suitable for
addressing a wide range of practical fire scenarios [26]. The
governing equations were spatially discretized using a second-
order accurate finite difference scheme. In the temporal discre-
tization, the variables were advanced in time using a second-
order accurate explicit predictor—corrector scheme. To treat the
radiative source term, ¢. in the governing equation, a gray
gas radiation model was adopted. A detailed description of the
solution procedure and the numerical method for the radiation
model are available in Refs. [20-23].

3.4 Computational setup

Numerical simulations were performed for a previous tunnel
fire experiment involving a tunnel measuring 88 m x 8 m x 2.7
m [7]. Fig. 2(a) shows the tunnel geometry and burner location
in the simulation. All numerical geometries of the tunnel and
fire conditions were the same as those in the experiment. One
end of the tunnel was fully closed, and its opposite end was
half closed. The material of the tunnel ceiling was set to be
gypsum, which filled the space of the ceiling thickness between
2.65 and 2.70 m; the sidewalls and floor were concrete. The
material properties for the gypsum and concrete were referred

3879



Journal of Mechanical Science and Technology 34 (9) 2020

DOI 10.1007/s12206-020-0838-4

27m

8m

y X urner
(0,0,0)m B
(@) Tunnel geometry and simulation domain
EEEEEEEEEE EEEE EEE E g E E E E
Gypsum = o o T I T 8 23 8 % 83 IT 888 8 2 65 © k- R
A A
AN O A A A
e o © 6 06 6 06 0 e o 66 0606 6 o o ® i
A4 - A4 A _J A A
L A A 245m A A A A
1.95m E
E 1.45m el £l 8
< E E E E £ E E ol |
o A = & 8 0%Bm 5 8 3 R 2
0.45m
Y v
é X (@ m,0m,0m)
3

88 m

(b) Thermocouple and CO sensor locations

Fig. 2. Schematic representation of the tunnel geometry and the location of thermocouple and CO sensors in the simulation and experiment.

from the FDS user guide. The FDS code was based on the
Cartesian coordinate system, and only rectangular geometries
were allowed to be defined numerically. Hence, a rectangular
burner was installed instead of the circular burner used in the
experiment. However, the burner area of 0.6082 m? and its
location were set to be the same as those in the experiment.
Because an exact molecular formula is unavailable for the
diesel fuel used in the experiment, an average chemical for-
mula of Cy,H,; was used for the reaction, the soot yield value
was set to 0.1 according to the studies of Hu et al. [7], and the
CO yield was calculated based on the correlation developed by
Koylu and Faeth [27]. The numerical thermocouple used and
the CO sensor locations were specified according to the ex-
perimental conditions [7]. Fig. 2(b) shows the locations of the
thermocouple and CO sensors. The longitudinal temperature
and CO concentrations inside the tunnel were measured nu-
merically at 2.60 m from the floor level from 7 to 79 m away
from the fire source. In addition, vertical CO concentrations
were measured 39 m away from the fire source at vertical
heights of 0.95, 1.45, 1.95, and 2.45 m from the floor level, as
shown in Fig. 2(b). In the figure, the red circle represents the
thermocouple locations and the yellow triangle represents the
CO sensor locations. A grid dependency test was performed
with the grid sizes of 5 cm, 10 cm, and 15 cm and 20 cm. The
computations were performed for the experimental fire sce-
nario with the experimental HRR and MF combustion model.
The time-averaged gas-phase temperature predicted by the
different grid sizes were almost similar. The time-averaged CO
predictions of 5 cm and 10 cm grids showed similar predictions
to each other, whereas the 15 cm and 20 cm grids showed

lower CO predictions than the 5 cm and 10 cm grids. Consider-
ing the computational time, 10 cm grid was adopted in the pre-
sent simulations. The simulation domain was discretized into
1900800 grids with a uniform cell size of 10 cm. The simula-
tions were performed using the message passing interface
parallel technique on a 45-core PC-cluster machine with an
Intel Core i7-4470K 3.50 GHz. The computational time for each
simulation was approximately 530 to 551 CPU hours (~12 h of
physical time). Simulations using the MF model were faster
than those using the MCFC model by approximately 12.7 %
based on CPU hours.

4. Results and discussion
4.1 Fire development behavior

Fig. 3 shows the temporal HRR variation obtained by ex-
periment and simulations with three DFCs. The results show
the effects of the combustion, MF, and MCFC models on the
prediction of the HRR in tunnel fires. For comparison, the simu-
lation results for the HRR with the experimental HRR as an
input fire condition are plotted. The simulation results for the
HRR are almost identical to the HRR input curves of each DFC,
as shown in Fig. 1, except for some perturbations. The effects
of the MF and MCFC models of the FDS on the prediction
performance of the HRR were negligible. The HRR trend simu-
lated with the experimental HRR input agreed well with the
experimental results. The simulated fire growth rates with
DFCs were slower than those in the experiment. Nevertheless,
the t>fire growth curve demonstrated a better prediction per-
formance for the fire growth trend compared with the quadratic
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Fig. 3. Temporal HRR variation obtained by experiment and simulations with the experimental HRR and three DFC.
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Fig. 4. Longitudinal temperature distribution along the tunnel obtained by experiment and simulations with the experimental HRR and three DFCs.

and exponential DFCs. The fire growth rates of the quadratic
and exponential DFCs were extremely low compared those of
the experiment. In addition, the duration of the constant maxi-
mum HRR phase was negligible for the exponential DFC. Con-
sidering the fire growth rate and duration of the constant maxi-
mum HRR phase, the t2fire growth curve was the most rea-
sonable among the DFCs in predicting fire development.

4.2 Temperature and smoke behavior

Temperature and smoke are important parameters that must
be investigated in tunnel fire analysis to understand the possi-
ble fire spread behaviors and thermal damage to tunnel struc-
tures. The temperature depends on the fire development fea-
ture, which is directly related to the HRR of fire. Hence, in this
study, the gas-phase temperature simulated with each DFC
was investigated and compared with the experimentally meas-
ured smoke temperature.

Fig. 4 shows the longitudinal temperature distribution along
the tunnel. The gas-phase temperatures predicted by the
DFCs were compared with the experimental data. The average
temperature from time interval 210 to 300 s was obtained when

the HRR was in a quasi-steady state. The gas-phase tempera-
ture was measured at a height of 2.6 m from the floor. As
shown in Fig. 4, the effects of the MF and MCFC models of the
FDS in predicting the temperature were negligible. The tem-
peratures predicted by the t>fire growth, quadratic, and expo-
nential DFCs showed an exponential decay trend along the
longitudinal direction, which was similar to the experimental
temperature. The predicted results of each DFCs indicated
reasonable agreement. In addition, the predictions of each of
the DFCs did not differ significantly.

Smoke travel time (or smoke spread time) is a crucial pa-
rameter for understanding smoke spread and estimating the
minimal time required for evacuation. In general, smoke spread
can be identified by the substantial increase in temperature
when high-temperature smoke flow reaches an assigned posi-
tion, and the rate of smoke spread depends on the HRR of the
fire. The temporal distributions of temperature and smoke at
150 s inside the tunnel are represented in Fig. 5. In the figure,
the smoke distribution is represented by soot mass fraction.
The high-temperature regions coincide well with those of high-
concentration soot. The smoke spread predicted with the ex-
perimental HRR was faster than that predicted with the DFCs.
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Fig. 5. Temperature and soot mass fraction inside the tunnel at 150 s.

The smoke travel time predicted by each input fire condition rapidly than the other DFCs at the initial fire growth stage. The
was in the following order, from the fastest to the slowest: ex-  trend of smoke distribution at 150 s predicted by each input fire
perimental HRR > t-fire growth > exponential DFC > quadratic ~ condition agreed well with that of the fire growth rate shown in
DFC. This was because the experimental HRR increased more Fig. 3. Similar to previous results for the HRR and temperature,
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the prediction performances of the MF and MCFC combustion
models for smoke spread did not differ significantly.

Fig. 6 compares the longitudinal smoke travel time predicted
by the experimental HRR and the t-fire growth, quadratic, and
exponential DFCs. The smoke travel time was defined using
the temperature difference in the tunnel, as in the experiment
[7]. The overall comparison indicated that the smoke travel
time predicted by experimental HRR agreed well with the ex-
periment using both MF and MCFC models. The smoke travel
time predicted by the t*fire growth curve was the most similar
to that of the experiment. The smoke travel times predicted by
the quadratic and exponential DFCs were almost similar but

slower than that of the t-fire growth curve. These trends were
almost identical to the smoke spread at 150 s. In other words,
the initial fire growth rate of the input DFC significantly affected
the smoke travel time in the tunnel.

4.3 CO behavior

CO is a crucial parameter for the analysis of toxic threats in
fire risk assessments. CO is produced as a result of incomplete
combustion and primarily occurs under under-ventilated fire
conditions. Accurate predictions of CO production in fires are
still actively investigated. Fig. 7 compares the CO spread inside
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the tunnel simulated with each DFC and two combustion mod-
els. CO spread is related to the smoke spread feature because
the smoke carries the CO species. Hence, the trend of CO
spread is the same as the trend of smoke spread, according to

the DFCs shown in Fig. 5.

Fig. 8 shows the longitudinal CO concentration along the tunnel

predicted by the tfire growth, quadratic, and exponential DFCs.
The CO concentration was measured at a height of 2.45 m and
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averaged from 210 to 300 s when the HRR was in a quasi-steady
state. The overall CO trend exhibited a gradual decrease with
increasing longitudinal direction from the fire source.

The CO concentrations simulated with the MF model agreed
reasonably well with the experimental results. The results pre-
dicted by the experimental HRR, t2fire growth, and exponential
DFCs of the MF model indicated better prediction perform-
ances than those by the quadratic DFC for the experimental
CO concentration. However, the MCFC model over-predicted
the experimental CO concentration for all fire input conditions.
In a previous numerical study of gas fire in a compartment, it
was reported that the prediction performance of the MF model
for CO concentration was better than that of the MCFC model
[28]. Hence, the difference in the prediction performance of the
two combustion models, MF and MCFC, was likely attributed to
the same reasons as those reported by Baek et al. [28]. For the
CO prediction of the MCFC model in the FDS, more detailed
investigations are necessitated for various fire conditions.

Fig. 9 compares the vertical CO concentration predicted by
each DFC with the MF and MCFC models. The vertical CO
concentration was measured 39 m away from the fire source.
The overall trend of the CO concentration in the experiment
shows an approximately linear increase with the height above
the floor. However, the simulation results show an exponential
increase with the height. In particular, the simulation does not
indicate reasonable agreement with the experiment at medium
heights (1-2 m), whereas CO was well predicted by the simula-
tion at the bottom (0.5 m) and upper heights (2.49 m). Consid-
ering both combustion models, the experimental HRR and t*
fire growth curves demonstrated slightly better agreement for
the experimental CO concentration than the other DFCs. This
shows the limitation of the FDS for CO concentration in tunnel
fires, similar to the description in Fig. 8.

Fig. 10 shows the variations in the temporal CO concentra-
tions predicted by the DFCs based on the MF and MCFC
models. The temporal CO concentration was measured 55 m
from the fire source at a height of 2.2 m from the floor. The
experimental CO concentration increased gradually from 125
to 500 s, followed by gradual decrease thereafter. However,
the CO concentrations predicted by all input fire conditions,
including the experimental HRR, exhibited a sharp increase
initially. The increasing instants of each fire input condition
were in the following order, from the fastest to the slowest:
experimental HRR > t*fire growth > quadratic DFC =~ expo-
nential DFC, which was the same as the trend of DFCs in Fig.
3. The maximum CO concentration predicted by the MF model
indicated better agreement with the experiment than the MCFC
model, whereas both models did not predict the initial increase
trend well. However, the t>-fire growth curve predicted the in-
stant of CO increase compared with the other DFCs. At this
stage, the combination of the t>fire growth cure and MF com-
bustion model yielded the best prediction performance among
the DFCS. As mentioned previously, the initial fire growth rate
of a DFC is important in the simulation of tunnel fires when a
DFC is used as an input fire condition.

5. Conclusions

LES were performed using an FDS to investigate the predic-
tion performance of t-fire growth, quadratic, and exponential
DFCs for a tunnel fire experiment of 750 kW. For reference, an
experimental HRR was adopted in the simulation as an input
fire condition. The effects of FDS, MF, and MCFC combustion
models were discussed.

The FDS yielded prediction performances that were similar
to those of the MF and MCFC models, except for the CO con-
centration. For the latter, the two combustion models indicated
some limitations in the simulations. However, the MF model
demonstrated better prediction performances for the CO con-
centration and variation in time than the MCFC model.

The overall prediction performance of the input fire conditions
in predicting the smoke behavior was in the following order,
from the best to worst: experimental HRR > tfire growth curve
> quadratic DFC = exponential DFC. A more accurate mod-
eling of the fire growth rate for the initial fire stage was discov-
ered to be important in the fire dynamics simulation of tunnel
fires when a design fire curve was used in the simulation. In
addition, the combination of a t>fire growth curve with an MF
combustion model was the most effective combination for the
fire simulation of tunnel fires. However, evaluation of DFC for
various fire scenarios with different combustibles is required in
the future work.
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Nomenclature

Design fire curves

E.. : Total calorific value (kJ)

k : Time width coefficient

n : Retard index

Q : Heat release rate (kW)

Q,.,, :Maximum heat release rate (kW)

Qoo o - Average maximum heat release rate (kW)

r : Amplitude coefficient

t : Time (s)

t, - Decay phase starting time (s) t*fire growth curve
t, : Decay phase starting time (s) quadratic curve
t,. : End time of fire (s)

t, : Level-off time (s)

t, - Ignition onset time (s)

a, : Fire decay rate (kW/s?) -fire growth curve
Ay,  Fire decay rate (kW/s®) quadratic curve

a, : Fire growth rate (kW/s?) tfire growth curve
a,, : Fire growth rate (kW/s?) quadratic curve
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Numerical methods

a,b,x,y,z . Mole proportions
C : Empirical constant

c, : Specific Heat capacity (J/kg K)

b : Material derivative

Dt

D, : Diffusion coefficient (mzls)

D, : Turbulent thermal diffusivity (kg /m s)

g : Gravitational acceleration (m/sz)

h, : Sensible enthalpy (kJ/kg)

h, : Enthalpy of species a (kJ/kg)

k : Thermal conductivity (W /m K)

K, es : Turbulent thermal conductivity (W /m K)
k(T)  :Reaction rate constant (cm*/mol s)

n, : Volumetric mass production rate (kg/m3 s)
m;, : . in the first reaction step (kg/m®s)
m,, : . in the second reaction step (kg/m°®s)
p : Thermodynamic pressure (Pa)

Pr, : Turbulent Prandtl number

q : Heat release rate per unit volume (kW/m®)
g, : Maximum " (kw/m®)

g : Net thermal radiation energy (kW/m®)

qg : Radiative heat flux (kW/m?)

R : Universal gas constant (J/mol K)

s : Mass stoichiometric coefficient of oxygen
Sc, : Turbulent Schmidt number

sgs : Sub-grid scale

t : Time (s)

T : Temperature (K)

u : Velocity vector (m/s)

W : Molecular weight of species (kg)

x— (1= X,,)v, : Carbon atoms that not converted to soot.
X, : Hydrogen fraction in soot

Y, : Species mass fraction

Yeo : CO yield

Y/ : Mass fraction of fuel in the inlet stream

Y : Ambient mass fraction of nitrogen

Ys : Ambient mass fraction of oxygen

Y, : Soot yield

V4 : Mixture fraction (kg/kg)

Z,2,, Z, :Mixture fraction variables

a : General term to represent the gas species

AH_  :Heat of formation of fuel (kJ/mol)

AH,, :Heat of formation of CO (kJ/mol)

Ah,  :Heat of formation of species a (kJ/mol)
I : Density (kg/m3)

T : Viscous stress

T : Sub-grid scale (SGS) stress

[ : Total deviatoric stress

T : Mixing time scale (s) MF model
T : Mixing time scale (s) MCFC model
V] : Dynamic viscosity (kg /m s)

v : Stoichiometric coefficient

0 : Kronecker delta

dx, Oy, &z : Filter width size along x, y, and z directions (m)
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