
564

I) Yokobayashi,Y.,Hasemi,Y.,Wakamatsu, T., Wakamatsu, T., "Experimental Study on the Heating
Mechanism and Thermal Response of a Steel Beam Under Ceiling Exposed to a Localized
Fires ," Journal of Structural and Construction Engineering, Transactions of AJI , No A98 (in
Japanese)

2) Wakamatsu,T.,Hasemi,Y., Yokobayashi, Y.,A.V.Ptchelintsev,"Heating Mechanism of Building
Components Exposed to a Localized Fire - FEM Thermal and Structural Analysis of a Steel
Beam Under Ceiling," Proceedings, OMAE '97 Yokohama 1997

3) Wakamatsu, T.,Hasemi, Y., "Heating Mechanism of Building Components Exposed to a
Localized Fire- FDM Thermal Analysis of a Steel Beam Under Ceiling -," Fire Science and
Technology - Proceedings of the Third Asia-Oceania Symposium, Singapore pp335-346,1998.06

4) Hara, T., Yokoi, M., Morikawa, Y., " Analysis of Thermal Plumes with Numerical Simulation
and Experimental Results Basic Plume Analyses for the CFD Performance of the Standard k-e
model. Annual Meeting," Architectural Institute of Japan, 1998(in Japanese)

5) Yoshie, R.,WEI Ran, " CFD Analysis of Fire Plume - (Partl) Influence of Computational
Domain and Mesh Division on Numerical solution," Annual Meeting, Architectural Institute of
Japan, 1998(in Japanese)

6) Yoshie,R. ,and WEI Ran "CFD Analysis of Fire Plume - (Part2) Influence of Numerical scheme
for convection terms and model for fire source," Annual Meeting, Architectural Institute of
Japan, 1998(in Japanese)

7) Welch, S.,P.Rubini "SOFIE Users Manual" School of Mechanical Engineering, Cranfield
University, 1996

8) A.V.Ptchelintsev, M.Nikolaenko, Hayashi, Y., Wakamatsu, T. ,"Sofie Computation of the BRI
Room Comer Fire Interim Report", SOFIE meeting, 1998

9) Rodi, W. "Turbulent buoyant jets and plumes", Pergamon, 1982
10) Bressloff, N.W., Moss, J.B., Rubini, P.A."Assessment of a differential total absorptivity solution

to the radiative transfer equation as applied in the discrete transfer radiation model", Numerical
Heat Transfer, Part B: Fundamentals, vol. 29, part 3, pp. 381-397, May, 1996

11) Bressloff, N.W., Moss, J.B., Rubini, P.A. "CFD prediction of coupled radiation heat transfer and
soot production in turbulent flames," Twenty-sixth Symposium on Combustion, The Combustion
Institute, pp. 2379-2386, 1996

12) "Fire safety design method, comprehensive fire preventing procedures, ed. by Japan Institute of
Construction Engineering," volA, April, 1988 (in Japanese)

13) S.WeIch,A.Ptchelintsev., "Numerical Prediction of Heat Transfer to a Steel Beam in a
Localized Fire," Proceedings of the Second International SeminarFire-and Explosion
Hazard of Substances and Venting of Deflagrations,II-15 August, 1997, Moscow,
Russia, pp. 299-313.

ABSTRACT
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The CFD technique of fire modeling is the most informative because it calculates time and
space distribution of thermo- and hydrodynamic parameters. Advanced CFD codes become
more complicated and take into account new physical aspects of fire phenomenon. On the one
hand it gives new parameters which being varied can influence on numerical solution On the

The computational fluid dynamics (CFD) is employed more and more often for fire phenom
ena investigation during last decades. CFD modeling is the essential tool for performance
based approach to fire safety engineering. It enables to realize reliable cost-effective fire
safety design of the premises, minimize expenses on testing, study regularities of fire phe
nomena in numerical experiments.

INTRODUCTION

Fire, tunnel, unsteady CFD modelling, variable burning rate, temperature, velosity, heat flux

Fires in Tunnels: Three-Dimensional Numerical
Simulation and Comparl.on with the Experiment

KEYWORDS

The computational fluid dynamics code SOFIE has been used for three-dimensional unsteady
simulation of experimental fire in the tunnel with sizes 21xl.5xl.6 m performed previously
by Japanese researchers. The steady and unsteady burning rate approaches were used for nu
merical modeling. It has been shown that the computed flow velocities and temperature dis
tribution for unsteady, growing in time, burning rate are in better correspondence to the ex
perimental data. It is shown that an approach to the description ofbuming rate influences sig
nificantly on the magnitude and the distribution of heat fluxes in the enclosure, that is impor
tant in particular for solving the fire resistance problem.
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MATHEMATICAL MODEL
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- equations for k-E: turbulence model of Launder-Spalding (16] with buoyancy correc
tions [17]
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In our study the experimental data obtained in National Research Institute of Fire and Disas
ter of Japan (NRIFD) were used (14). The a"penmental setup represented the tunnel with
semicircular ceiling and following sizel lenath . 2\ m. width· IS m, ceiling height - 1.6 m.
cross sectional area· 2.01 m2

, wall thlckneu - 0.1 m. The: tunnel was made of heat-proof
concrete (J..=O.75 W/(m·K)). A O.~ m lQuue ltool tray with n-heptane was used as a tire
source. During the experiment the temperature prontes were measured along the tunnel center
line directly under the ceiling and 0.2 m below it. t Bolides that the values of flow velocity
under the ceiling and near the floor at the distance of 3 m from the tunnel exit cross section
are known to be 3 and 0.5 mls respectively and that the temperature of combustion products
at the exit achieved 300°C by the end of the experiment.

pendenCies steady burning rate (averaaed by lhI."p"tmcntal data) and unlteady Increutnl
in time burning rate.

1 The experimental data are kindly presented by NRIFD staff member Dr. S. Miyazaki

The CFD code SOFIE (version 2.06.01) was used for fire modeling (15]. This code was de
veloped by consortium of six tire research organizations and universities from four European
countries. The mathematical model realized using this code consists of the fol1owing equation
set:

DESCRIPTION OF THE EXPERIMENT

In paper [II] the scenario with transient burning rate was used also. The experiment on
methanol combustion on the area 3.24 m2 in the centre of the room with sizes 24x30x26 m
[12] was simulated. The stabilisation time was accepted equal to 4 min. The similar approach
was used in study [13].

The present study has been undertaken to compare available experimental data with compu
tational results obtained with advanced CFD code SOFIE for two different burning rate de-

Usually for the modeling of liquid combustion researchers use burning rate and its depend
ence on time obtained from experimental data or their own estimations. The constant burning
rate of liquid fuel [2,7] was used in the paper [6] for the modeling of fire in tunnel. In study
[8] the simulation of fire in the turbine hall of power plant was performed. The hall sizes were
40.0x55.5x29.6 m, the leakage of oil took place on the area 100 m2 The rate of fuel evapora
tion was also supposed to be constant and equal to 3 mrn/min, that produced the flow of fuel
vapours 4.25 kg/s and heat release rate of 180 MW. The unsteady increasing in time burning
rate for closed fire was used for example in the study [9] for the simulation of ethanol com
bustion in the pool with sizes 0.44x0.44 m. The experimental burning rate transition to steady
state (stabilisation time) was 4 min [10).
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Obviously the stabilization time and maximum burning rate should affect on the numerical
solution. Unfortunately, this problem is not il1uminated sufficiently in studies on CFD fire
modeling. The reproduction of fire source parameters supposed to be the key factor for fire
dynamics. From publications it is known that burning rate of liquid hydrocarbons for open
flames stabilizes from 2-4 min [5,23] up to 30 min [24] and is determined, in general, by ra
diation and convective heat fluxes from the flame. In case of closed fires the radiation flux to
liquid pool changes while the values of temperature of combustion products and enclosure
walls increase. Since the heating of concrete walls may last for a long time, the burning rate
can increase continuously.

The work [1,2] presents apparently the most fundamental study devoted to the burning rate of
pool fires of different diameters. Mainly burning rates for open fires are considered. It is well
known that burning rate can vary in wide range for the same fuel under different fire condi
tions. So the burning rate of n-heptane for the open large diameter pool fire is 8 mm/min ac
cording data [3] where the method [4] was used, but it is equal to 1.2 - 2.0 mmlmin only in 50
mm diameter pool according data [5).

The influence of mass and heat transfer in compartment on the processes in fire source and
particularly on liquid fuel burning rate is one of the problems which are not investigated well
enough. The huge number of experimental studies were devoted to steady maximum burning
rate determination, while it is a variable value during some time after ignition. It depends not
only on fuel properties, but also on incident heat flux, flow velocity, oxygen concentration,
etc.

IIthe:r hllnd the ClIlcullillon results begin to depend not only on the quality of the code, but on
the: correct mathematical realization and physical formulation of a problem. This peculiarity
appears more dramatical1y when the information about physical phenomena needed for the
calculations is insufficient or the acceptable models for them are absent at the present time
(e.g. burning rate, combustion incompleteness, etc).



-~~ ....--......_-
to ---~~-i-·~--4·--·--.--.-..

Time, s.

"
"

I

FIGURE 3. Steady and unsteady burn
ing rate

FIGURE 2. Tunnel cross-section area
and computational grid

Preliminary the sensitivity of results to computltlllnni gnd was tested on the same problem in
the steady state mode. Two grids were used I.xllxW 35x31x19=20615 and
47x40x24=45120 control volumes respectively. The discrepancy between the solutions was
found to be small. The values of typical parameters (maximum velocity, temperature, con
vective and radiation fluxes) have changed less than by 6% lIenceforth for all calculations
the computational grid 35x31xl9 was used.

RESULTS OF SIMULATION

glOn were used as the boundary conditions for t~ IlIl1ll1cnlum clluutllln At the symmetr)
planes (J¢Ilon = 0 conditions were used for III. ellc:eJllllf V-mllmentum. equations The: em·
issivity of the concrete surface was suppoMd to be 0 II
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In this study two approximations for burning rate were used: with steady burning rate (similar
to calculations in original study of Japanese researchers [14]) and with unsteady burning rate
continuously increasing during 8 min. At last case the burning rate was approximated by

square root time dependence u = A~ correlated with experimental data, in particular [5].
The diagrams of burning rate dependencies are shown in Fig.3. In both cases it was supposed
that total time of combustion was 10 min, the amount of the heptane burned - 18 liters, that
corresponded to experimental data.

The dynamics of calculated velocity and temperature profiles for unsteady burning rate is
shown in Fig.4. One can see that by the moment of 30 s the combustion products have already
achieved the exit from the tunnel and the circulation type flow has settled. For visualization
of the temperature field the value 343 K was used as the low boundary of the painted range. It
is easy to see that the velocity in tunnel and the maximum temperature of combustion prod
ucts over the fire source increase with time.

The diagrams of calculated and experimental temperature distributions for moments 2, 3, 4
and 8 min are given in Fig.5.
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p = const
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FIGURE 1. Computational domain

The semicircular ceiling of the tunnel was approximated by rectangular control volumes. The
cross section area for such discretization was equal to 2.03 m2 (the relative difference from
real value - 1%). The approximation of the ceiling and computational grid in the cross section
are presented in Fig. 2. No-slip conditions on solid surfaces and oplon =0 in the outside re-

The combustion was modeled by Magnussen and Hjertager's Eddy Break-Up model [18]:

seE . {Y Yox Ypr } (7)
j =- "Pk mm j'-s-'(I+s) .

For radiation calculations the discrete transfer radiation model [19] was used. The radiative
properties were calculated by weighted sum of gray gases model (WSGG) [20] with Truelove
coefficients [21]. This model enables taking into account the influence of soot, the concentra
tion of which was determined by Tesner's model [22].

The calculation domain included a quarter of real tunnel, confined by symmetry planes and
outside region with length of 2 m and height of 2.1 m (by 0.4 m higher than outer surface of
the tunnel), which was located behind the exit from the tunnel. Such external domain is
known to improve the numerical convergence of natural convection problems with boundary
conditions of the kind opIan = O. The general view of calculation domain is given in Fig. I.
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( Inc can !ICC lhal (cmperature profiles for the case of unsteady burnmg rate arc closer to the
experimental values especially for the third minute. By the fourth minute these profiles
slightly differ from each other. However then, as it is shown for the moment 8 min, the tem
peratures for the unsteady burning rate case become higher than for the steady one. It is also
necessary to underline that the temperature profiles along the tunnel for the steady and un
steady burning rate are qualitatively different at this time.

The temperature and velocity profiles in the tunnel cross section at the distance of 3 m from
the tunnel exit are given in Fig.6. The diagrams show the similar form of the velocity and
temperature profiles for steady and unsteady burning rate. But the absolute values of these
parameters change with time in a different way. In case of steady burning rate after two min
utes of fire temperatures and velocities are almost constant, while in case of unsteady one
they are cotinuously increasing. So the experimental values of combustion products velocity 3
mls and temperature 300°C at the tunnel exit are achieved during numerical modeling only at
the 8th min of fire and only for unsteady burning rate.

The heat flux is one of the main hazardous factors of fire which is important in particular for
solving fire resistance and tactics of fire extinguishment problems. Unfortunately there are no
data on heat fluxes in tunnel during experiment. The calculated total heat fluxes to the floor
along the tunnel center-line for moments 2, 3, 4 and 8 min are given in Fig.7. This figure
shows the significant difference between the heat fluxes for cases of steady and unsteady
burning rates especially during first 2-3 min. By the way it is rather interesting that for the
unsteady burning rate not only the value of the heat flux changes but the form of its distribu
tion also. The heat flux significantly increases in the central part of the tunnel. At the begin
ning of fire the heat flux for the unsteady burning rate was lower in 1.5 times (in the central
part of the tunnel even in 2 times) than for steady one, but at the 8th min it became 1.5 times
higher.

One of the reasons of such phenomena is the fact that the wall surface temperature depends
on the whole fire development process, while the temperature of combustion products in a
plume mainly on current burning rate. In the case of unsteady burning rate the heat release
during the initial period was small, so the wall temperatures are less than in the case of steady
burning rate. Therefore relatively cold enclosure walls interact with becoming more and more
hot combustion products and the heat flux value is high. Apparently this difference of heat
fluxes may become even more significant for other fire conditions.

The obtained results demonstrated that the use of unsteady burning rate for the simulation of
liquid combustion in experimental tunnel gives more correct prediction. It is no wonder be
cause such approach better cohere to the physics of the processes. But a problem appears
connected with the determination of both the maximum burning rate and its stabilization time.
At the moment there are no reliable technique for calculation of these parameters. The solu
tion ofthis important for practice problem can be achieved through the fundamental research,
both experimental and numerical, including the conjugate problem of heat transfer in enclo
sure and the processes of heat transfer, evaporation and maybe boiling in the fuel tray (pool,
tank, etc.).
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C:ONCLUSIONS

The 3D unsteady CFD modeling of fire in the experimental tunnel was performed. The de
pendence of temperature, heat flux and velocity distribution in space and time on the charac
ter of burning rate (steady and unsteady) was studied.

It was found that calculated temperature fields for unsteady burning rate are qualitatively and
quantitatively closer to the experimental data than those one for the time averaged steady
burning rate. The difference between two calculated maximum temperatures at the tunnel exit
is 15 %, the difference inside the tunnel reaches the value 25-30 % by the end of numerical
simulation.

The calculated velocity profiles for the steady and unsteady burning rate differ slightly, but
the rate of their change with time is qualitatively different. The maximum difference between
two profiles is 15 % and it is reached near the tunnel ceiling by the 8 min of fire.

For the unsteady burning rate not only the value of the heat flux changes but the form of its
distribution also. The heat flux significantly increases in the central part of the tunnel. At the
beginning of fire the heat flux for the unsteady burning rate was lower in 1.5 times (in the
central part of the tunnel even in 2 times) than for steady one, but at the 8th min it became 1.5
times higher.
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ABSTRACT
Although fire whirls in large urban fires are known to cause many fire victims and extensive

property damages, detailed mechanisms and physical effects of fire whirls still remain largely unknown,

since real big fire whirls are relatively rare and their studies are too difficult to carry out. However,

such large-scale fire whirls, until recently, can be conveniently studied by computer-based numerical

simulation techniques. On the other hand, computer simulations for large-scale phenomena are only

realistic if they can be validated in advance by the results of scale-modeled experiments. Despite recent

studies in this regard, uncertainties of the whirling-fire phenomena are still abound. The purpose of this

study was to compare quantitatively the fire-whirl temperature and velocity fields of the numerical

simulations with those from laboratory experiments for the case of fire whirls generated with a single

flame located in a vertical square channel with symmetrical corner gaps. Successful results of such

comparisons have been obtained.

KEYWORDS
Fire Whirl, Urban Fire, Numerical Simulation, Vertical Channel. High Speed Motion Video

INTRODUCTION
lt is well-known that fire whirls in large urbln firn. such as those due to gigantic earthquakes in

Tokyo, 1923, are known to claim many fire viclims and cause eXlensive properly damagcs, primarily

because of their extreme destructive power. In addilion. II is also known recenlly Ihal such violent fire
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