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Abstract—The fire-induced air flow in a ventilated tunnel with a local gas burner is investigated exper-

imentally and numerically. To simulate the transient three-dimensional turbulent buoyancy flow, cal-

culations employ the turbulence k~& model which is modified to take account of the effects of the mean

streamline curvature (MSC). General curvilinear coordinates are generated for the computation. The

prediction is compared with the experimental data and shown to be in reasonable agreement except the

region close to the heat source. The present model can also be used to predict the location of the leading
edge of the heated air flow.

1. INTRODUCTION

THE HEATED air, smoke and toxic gases that are created
by a fire within a building, corridor, tunnel or other
structure can cause a definite hazard to people. A
good physical insight into fire dynamics is desirable
for systematic planning of fire safety in design and
maintenance. For the case of tunnel fires, a quan-
titative knowledge about the detailed behavior of the
heated air flow in a ventilated tunnel is required for
fire detection, control, or extinguish. Therefore, theor-
etical and experimental approaches of modeling the
heated air flow present a challenge for researchers
and engineers. Not only are the underlying physical
processes difficult to model, but variables such as
location of the fire source, geometric space, and ven-
tilation air flow all affect the overall behavior of the
heated air flow.

In the last two decades, extensive studies have been
conducted on the tunnel fire problems. The scientific
approaches can be usually classified into three classes:
empirical or experimental modeling, zone modeling
and field modeling. The experimental modeling
includes the works of Quintiere ez al. [1], Emori and
Saito [2]. This approach is useful in situations where
detailed knowledge is not required but an understand-
ing of the physics of the phenomenon is considered
sufficient. The limitation of this approach is due to
inability to preserve all the significant dimensionless
group, because full-scale experiments with statistical
significance require a huge amount of cost. For this
reason, numerical approaches have been rapidly
developed. De Ris [3] created a mathematical model
for a fire duct to calculate the convection and diffusion

T Present address : Research Scientist, Department of Civil
Engineering, National University of Singapore, 10 Kent
Ridge Crescent, Singapore 0511.

of a fire flame and the heated air flow. Hwang et al.
[4, 5] presented a two-dimensional model to describe
the phenomenon of reversed stratified flow in a fire
duct. These so-called zone models are based on certain
kinds of similarities to calculate the fire plume or the
heated air flow in several areas. They have to simplify
considerably the complex physical phenomena to
keep computational requirements within reasonable
bounds and rely heavily on empirical data. Because
of this defect, a recent development concentrated
more on the application of field models, in which
general flow equations expressing the balance of
heat, mass and momentum are solved. Recent work
includes those of Brandeis and Bergmann [6], Koto
and Yamanaka [7]. In our previous study [8], a tur-
bulence k— model was applied for a two-dimensional
flow to predict the behavior of the heated air flow in
a ventilated tunnel. The k—& model constant C; was
revised to be an empirical function of ventilation
Reynolds number and densimetric Froude number.
The revision improved the k—& model’s ability of pre-
diction. The field model approach, however, has not
yet reached the stage of describing complete air flow
in a tunnel fire. The hot plume induced by a local fire,
its interaction with the ventilated air flow, and the
secondary flow in cross-sections have significant
influences on turbulence. These effects have to be
taken into account in the turbulence model. Further-
more, the complicated geometry of a tunnel has to be
well treated and the computational costs should be
cut down.

The present study deals with the heated air flow in
a ventilated tunnel. The numerical calculation uses a
field approach and employs a turbulence k—& model
which is modified to take account of the effects of
mean streamline curvature. General curvilinear coor-
dinates are adopted. An ordinary grid system is
employed for the computation and a specific scheme
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NOMENCLATURE
a coefficient in the discretization equation vy blowing velocity of gas mixture
b constant term in the discretization w a contravariant velocity component in {
) equation direction
C,, C,, C; turbulent model constants w mean velocity component in z direction
C, turbulent model constant x,y spatial coordinates in Cartesian system
D, hydraulic diameter Xg position of the leading edge of the heated
g acceleration of gravity air flow
Gy buoyancy production term in the k and z spatial coordinates in Cartesian and
& equations cylindrical system.
Gy shear production term in the & and ¢
equations Greek symbols
Gr*  modified Grashof number, gfgH*/v’A B thermal expansion coefficient
H height of the tunnel r exchange coefficient
h specific enthalpy y, 0  angular coordinates in cylindrical
k turbulent kinetic energy system
L turbulence length scale £ turbulence energy dissipation
p mean pressure A thermal conductivity
Pr Prandtl number u dynamic viscosity coefficient
q heat flux of heat source I turbulent viscosity
r,s  spatial coordinates in cylindrical system v kinematic viscosity
R radius of the experiment tunnel &, n, { spatial coordinates in general
Re, Reynolds number, Dyu,/v curvilinear system
R; flux Richardson number P air density
Sh area of heating g, turbulent Prandtl number
T mean temperature 0] general dependent variable
t time ¢ general scalar quantity
U a contravariant velocity component in & ¢’ fluctuating scalar quantity.
direction
u mean velocity component in x direction  Subscripts
’ fluctuating velocity component in x avg mean value in a cross-section of tunnel
direction E,P east and central grid point under
14 a contravariant velocity component in # consideration
direction e, east and west control-volume face

mean velocity component in y direction
fluctuating velocity component in y
direction

w
n,s north and south control-volume face
t,b  top and bottom control-volume face
0 initial value.

is used to suppress pressure oscillations. The numeri-
cal results have been validated by comparing the pre-
dictions with the data obtained from the experiments.

2. EXPERIMENTAL WORK

The basic configuration of experimental apparatus
is shown schematically in Fig. 1. It mainly consists of
a wind tunnel, a heat source, and a measurement
system. The tunnel is made of 0.8 mm-thick galvanized
iron sheet. The overall length of this facility is 11.8 m,
which includes an 8.45 m long test section. The cross-
section of the tunnel takes a shape common to a
railway and highway tunnel, a horizontal cylinder of
0.25 m in radius with the flat bottom cut out. A sirocco
fan is located to offer ventilation into the tunnel at an
adjustable flow speed. Before entering the test section,
the air flows through a rectifying duct, which is com-

posed of a cylinder of 0.35 m radius and a contraction
duct. A screen and a honeycomb are placed inside the
cylinder in order to obtain a uniform air flow. A
burner consuming city gas is located 1.9 m from the
inlet of the test section and laid on the floor. The
burner is made of four independent units. Each of the
unit includes 72 small nozzles uniformly distributed
in 4 rows, from which the air—gas mixture blows out.
Each unit is connected to a gas meter such that heat
flux of combustion can be calculated from the gas flux
measurement. The fresh air used for combustion is
offered from an inlet pipe. The mean velocity of the
air in the inlet pipe is measured by a hot-wire anem-
ometer to estimate the blowing velocity of the pre-
mixed gas mixture.

It is known [9] that the main emission in a clear
premixed flame is in the infra-red region, and the
radiation in the visible and ultra-violet regions
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F1G. 1. Schematic of the experiment tunnel.

accounts usually for less than 0.4% of the heat of
combustion. For good aeration, only about 10% of
the heat of combustion is estimated to be lost in radi-
ation. In the present experiment, the flame is blue-
green in color because of premixed combustion. The
influence of the radiation is therefore ignored.

To measure the transient temperature distribution
in a cross-section and the position of the leading edge
of heated air flow, 32 thermocouples are located inside
the tunnel. Another 30 thermocouples are placed on
the wall surface of the test section to detect the wall
temperature which is used as the wall temperature
boundary condition in the numerical simulation. The
mean velocity of the ventilated air at the tunnel inlet
is also measured by a hot-wire anemometer.

3. NUMERICAL ANALYSES

Numerical analyses are carried out under the same
conditions as the experiments. The physical problem
concerns a three-dimensional tunnel with longitudinal
ventilated air flow and with a burner located on the
floor, as shown in Fig. 2. As we are mainly interested
in the behavior of the heated air flow, the combustion
at the burner is simplified as a source with a constant
and uniform mass and heat input and is given as
boundary conditions in the numerical model.

3.1. Governing equations

The turbulent flow is governed by the equations
expressing the conservation of mass, momentum, and
energy. The Boussinesq approximation is not assumed
because the model has to accurately describe flows in
which large density variations occur. The equations
are written in a Cartesian tensor form

dp | d(pu;) _
E 5x, - Oa (1)
d(pu;)  0(puu;) _ 5_P
ot Ox; n ox;
g Oup  —
+ o\ Bay —PU | +9/(p—po), (2)
X J
(pg)  Olpup) 0 ( _0¢ —
Tee), TP - E(rg—pw)m )
) i i

where ¢ represents A, k, or ¢. The term S, means
an appropriate source or sink of the variable ¢
concerned.

The present model does not include a conservation
equation for some species concentration. By assum-
ing that p’uj « pu,, the fluctuation of the density is
ignored. Therefore the density is only related to the
temperature of the air through the equation of state

y Yy
Air Test | Section R250
=*| Burner Burner [ 130
AY N JLI
X 4
t:llso 60,141.28
1900 6550 324

Fi1G. 2. Sketch of the model tunnel.
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p=p(T). 4)

The physical properties of air such as thermal
expansion coefficient f, viscosity coefficient y, etc. are
given by the polynomial functions of temperature.

3.2. Turbulence model

For the closure of the governing equations, the two-
equation k—¢ model [10] of turbulence is used. In the
k-&¢ model, the knowledge of the local values of k and
¢ allows the evaluation of a local turbulent viscosity
i, that is

5

k-
)u( = pC;A?‘ (5)

Since buoyancy plays an important role in both
promoting (in the rising plume) and suppressing (in
the ceiling layer) turbulent mixing, an extension to the
model suggested by Rodi [11] has been incorporated.
The source terms for the & and ¢ equations are

Sy = G+ Gy —pe, (6)

-

& &
S, = CLGHGI+CRI-CE- . (D)

The generation terms are defined as follows :

(i) shear production

Ou; 0w\ Oy,
Gk—#((a\?j+gg>3;j, (8
(i) buoyancy production

0T
fat ©)

GB= _ﬁgla_ ox .
1 i

The flux Richardson number R; appearing in equa-
tion (7) is defined as

G.:
Ri= -7 10
T 2(G+Ga) (19)
where G is the buoyancy production of the lateral
energy component. In horizontal shear layers where
the lateral velocity component is in the direction of
gravity so that

The above model contains seven constants, which
are shown in Table 1.

3.3. Mean stream curvature correction

Body forces are known to have a strong effect on
turbulence, and there is a close analogy between the
effects of body forces due to buoyancy and those due
to streamline curvature or rotation {12, 13]. In the

Table 1. Constants in k—¢ model

(o C, C, C, Oy O, o

1.44 1.92 0.8 0.09 1.0 1.3 1.0

H. XuE et al.

present problem, the interaction between the buoy-
ancy plume and forced ventilation flow contributes to
the rates of diffusion of mass, momentum and heat.
This situation is similar to those happening in the
turbulent recirculating flows, such as the flow with a
backward facing step. Therefore, the effect of the
mean streamline curvature on turbulence should be
taken into account.

It is known that [12], when the mixing length
hypothesis is used for turbulent flow calculations, the
effects of streamline curvature can be accounted for
by empirically relating the mixing length to a suitable
Richardson number that characterizes the relative
importance of body force; the Monin-Oboukhov
relation is a typical example. In the k—¢ model, the &
equation accounts directly for body forces because it
is a direct consequence of the derivation from the
Navier-Stokes equations. However, since the dis-
sipation rate, & ( oc k¥?/L), is also determined from a
transport equation, the question arises how body
force effects should enter in such an equation. It is
this question with which the present work is specially
concerned.

There are many works concerning the effects of
streamline curvature. Launder et al. [14] have sug-
gested modifying the length scale equation for rotating
flows by making constant C, in the e-equation as a
function of a gradient Richardson number. Lilley [15]
has used a Richardson number in his correction of
the length scale equation for swirling jets. To simulate
a backward facing step flow over a two-dimensional
fence, Durst and Rastogi [16] have modified the tur-
bulence energy production to take account of the
effects of the mean streamline curvature.

Stimulated by these studies, we propose to add the
production due to streamline curvature to the body-
force production Gy in the k and & equations. It is
noted that, besides the streamline curvature in the
longitudinal direction (x—p plane), the significant sec-
ondary flow in cross-sections (y—z plane) should also
be considered. Thus, G5 becomes

_ w 0T  — Ovefr —— dv,fs
Gy = —Bga—‘@—pvrver By PO (12)
where
—— Ovg/r
PUVG = = pr = (13)
—— o, /s
U, = —uts—a‘:_—. 19)

In above equations, v, is the swirl velocity com-
ponent and pulv, is the tangential shear stress in x—y
plane, v, is the swirl velocity component and pv;v; is
the tangential shear stress in y-z plane. Figure 3
should be referred to for the other nomenclature.

Consequently, the flux Richardson number is cor-

rected to be
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Gy — 2p0,0509/r — 2pU050, /5
G.+Gg )

Re= - (15)

3.4. Boundary and initial conditions

There are three types of boundaries in the present
problem, namely solid boundaries at the walls, free
boundaries at the surface of the burner units and free
boundaries at the inlet and the outiet. On solid walls,
the no-slip condition for the velocity components is
employed. The wall temperature, which is a time-
dependent function of heat input to the tunnel, is
given by the corresponding experimental measure-
ments.

At the low-turbulence region close to the walls, the
wall functions for velocity components and tem-
perature are employed. Assuming the local equi-
librium in this region, the kinetic energy of turbulence
and the dissipation rate can be decided.

On the surface of the burner, the heat flux and
normal velocity component are prescribed. At the
inlet, all dependent variables are prescribed by the
initial solution of a previous computation. At the

(a) Physical plane
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outlet, for all dependent variables, zero-gradient con-
ditions are prescribed.

The computation starts with the solution of a pre-
vious computation as an initial condition. At the pre-
vious computation, the tunnel is not heated and the
ventilation air flow is taken as steady. The velocity
distribution at the inlet is assumed uniform and the
value of mean velocity is given by the experimental
measurement. The values of & and ¢ at the inlet are
empirically given as k;, = 0.00543 and &, = C,k*?/
(0.03R), respectively. A uniform temperature distri-
bution (set at the room temperature) is also assumed
as an initial condition.

4. COMPUTATIONAL METHODS

Since the Cartesian system suffers severely from
geometric limitations, the application of such a system
to curved surfaces must involve interpolation between
grid points not coincident with the boundaries. Other-
wise, a huge grid number has to be employed. Besides,
the Neumann type boundary condition is difficult to
apply. In the present study, the geometric limitation is
removed by adopting a general curvilinear coordinate
system.

To simplify the calculation, the coordinate in x
direction is retained to be Cartesian, only coordinates
in y and z directions are transformed to general curvi-
linear system in order to fit the complicated cross-
sectional geometry of a tunnel. A three-dimensional
transformation relation is written here for generality.

4.1. General curvilinear coordinate system

As shown in Fig. 4, the transformation from the
Cartesian coordinates (x, y, z) to curvilinear coor-
dinates (¢, #, {) is considered. Partial derivatives of
any function f are transformed according to the chain
rule

/e A
Ll=70/1 (16)
S -

where J represents Jacobian written as

(b) Transformed plane

FiG. 4. Finite difference grid representation.
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J= xr] Y L] Y L ( 1 7)
X, I Z;

The above equations can be used to transform the
first-order differential terms into the curvilinear coor-
dinates. But this will lead the governing equations
to have many extra terms which are obviously not
convenient for numerical calculation. Hence, the fol-
lowing inverse matrix of the chain rule is used,

./:v é.\‘ N« C.\' _ff
»f.;' = é)' rl_v C)‘ ./;1 .
f: & on: LIV

where ¢, 1,, {. can be obtained by substituting &, #
and { into f in equation (16).

(18)

4.2. Numerical grid generation

The grid generation scheme developed by Thomp-
son et al. [17] is adopted. In this method, the curvi-
linear coordinates are generated by solving the
Poisson equations

V=P, (19}

in which the ‘control functions’ P and Q can be
fashioned to control the spacing and orientation of
the coordinate lines [17].

The generated grid for the tunnel cross-section is
shown in Fig. 5. The present computations are per-
formed on 36 x 13 x 11 grids.

4.3. Transformation of the governing equations
The set of conservation equations can be written in
the following general form :

dp  opu) _

E+-———axi =0, 21
o(p®)  Hpu®) 0 oo
o YTk Tox rﬁ—x_,» +8s. (22

The contravariant velocity components are defined
as

U= (Caut&o+Ew), (23)

7250
/{{.’f“n \“\\

.

FIG. 5. Grid detail of cross-section.
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249
2%

V=mu+nuo+nw,
W= (Caut+lv+lw)
With equations (23)—(25), the set of conservation

equations can be transformed into {—n-{ curvilinear
coordinates as

Jop  O(pU)  d(pV)  d(pW)

a t e T o a0 (9
Ja(p®) A(pUB) d(pV®) o(pWd)
o % T T a

0
= 53[FJ(‘Incbc'*'%zq]q'*“qu’c)]
i
+ %[I"J(qﬂ(b:+q22(I),,+q23(I)c)]

bij
+ 5_([1--](‘]31(1)5 +‘hz®;+¢]33¢’c)]+-]sm (27

where g,; is the metric of transformation.

4.4. Pressure-correction equation

In terms of the notation shown in Fig. 4, a relation
between @ at the point P and the neighboring values
can be written in the following discretization equa-
tion:

apd)p = Z aan)nb +b (28)
nb

where nb represents neighbor grid point and
the coefficients are modified according to a hybrid
scheme.

In a finite-difference method, if the velocity com-
ponents and pressure are located at the same grid
points, a checkerboard pressure field can develop as
an acceptable solution. This is described fully in
Patankar [18]. Although the staggered grid eliminates
major difficulties, it introduces inconvenience, which
becomes more serious when the method is extended
to curvilinear nonorthogonal coordinates. On the
consideration of computational speed and accuracy,
Peric et al. [19] strongly recommended the use of the
collocated grid when a three-dimensional geometry
and general curvilinear coordinates are considered.

Rhie and Chow [20] presented a method that
employs a nonstaggered grid in curvilinear non-
orthogonal coordinates. Similar to their method, the
velocity components and all the other variables are
located at the common grid positions. The velocity
and pressure are coupled by a simple but effective
scheme to suppress the pressure oscillations.

Following the control-volume formulation, the dis-
cretization of the momentum equation in ¢ direction
can be written as

_ E QnplUnp + bu

Up
ap

J
P
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Table 2. Experimental and calculation conditions

Case wuy(ms™ ') Rep gWm~?%) 8.t (m? Gr* u, (ms™ "y T, (°C)
1 0.46 11332 1.42 x 10° 0.0216 2.30x10" 0.104 19.5
2 0.92 22808 1.42x 10° 0.0216 2.28x10" 0.084 18.5

1 Two central burner units were used.

J
p

J
- Z;Aé An[(€p)—(Cp)e)- (29)

With the linear interpolation between grid nodes E
and P, the velocity components u, can be obtained,
while the interpolated pressure gradient term based
on the 2A¢-center difference is replaced by the 1A¢-
center difference on the cell boundary,

_ Z anbunh+bu

U
© ap

7
= =8y ALEPe— (&)
P

J

J
- E;Aé An[(C.p)— L p)s]  (30)

where over-bar represents the interpolated value
between grid nodes E and P. This procedure ensures
strong velocity—pressure coupling. The similar treat-
ment is also applied to the momentum equations in
and { directions.

4.5. Solution procedure

The SIMPLER algorithm [18] is extended to a
general curvilinear coordinate system with collocated
grids. To decide whether a solution is converged, the
overall mass balance is used. Convergence is declared
when maximum line errors have dropped below 0.5%.
The calculations were carried out on the Hitachi
M-880 computer at the Computer Center of the Uni-
versity of Tokyo. It takes about 7 s of CPU time to
calculate one time step.

5. RESULTS AND DISCUSSION

The results of the computations were compared
with the experimental data. The comparisons were
made between the computational and experimental
transient temperature profiles in the cross-sections of
the tunnel. The ability of the model to predict the
location of the leading edge of the heated air flow
was also validated. Two experimental and calculation
conditions are listed in Table 2.

The predictions were compared with measurements
at six heights on the center line of the tunnel. Figure
6 shows the comparison of the transient temperature
profiles for Case 1, where (a) is for a cross-section
relatively near the burner whereas (b) 1s for a cross-
section relatively far downstream. Symbols represent

measured values whereas lines represent the calculated
results. The discrepancies between the prediction and
the measurement are large in (a), but in (b) reasonable
agreement is achieved.

Figure 7 compares the transient temperature pro-
files for Case 2. Discrepancies still remain con-
siderable where the cross-section is close to the burner.
But for the cross-section downstream, good agree-
ment between measured and predicted temperatures
is obtained.

There are two causes which may be considered for
the unsatisfactory predictions of temperature dis-
tribution at the cross-sections close to the burner. One
is that the behavior of the heated air flow near the
burner is largely affected by the combustion which is
not included in the present model. The other is that
the burner unit contains a number of small nozzles.
To simulate the detail behavior of the blowing of air—
gas mixture, it is necessary to place at least one grid

60 ———

— : with MSC correction

T-To(°C)

(a) z/H=2.46

60 T T — T
—: with MSC correction

T-To(°C)

(b) z/H=9.85

FiG. 6. Predicted and measured temperature profiles
(Case 1).
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&
a
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o o9
[¢)
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(b) 2/H=9.85

Fic. 7. Predicted and measured temperature profiles
(Case 2).

at each nozzle and four at its boundaries. This will
lead to a huge grid number in the present calculation.
As a result of compromise on computational cost,
the mean blowing velocity vy, is used for the boundary
condition. The burner unit is simplified as a uniform
heat and mass output source. The simplification is
considered to affect the simulated behavior of the
heated air flow near the burner.

Velocity vectors and isotherms on the plane of sym-
metry and some cross-section can be seen in Figs. 8

H. XuUE et al.

and 9 for Case 2 after 40 s of heating of the tunnel.
Owing to the effect of forced ventilation, the reverse
flow is not formed in Fig. 8. Some streamline cur-
vature can be observed close to the burner. In Fig.
9, strong secondary flows are observed. The velocity
components on the cross-sections close to the burner
are several times larger than the ones on downstream
cross-sections. There are two kinds of secondary flow
patterns appearing in Fig. 9. At x/H = 2.46, only two
large swirls are symmetrically formed in the center of
the cross-section, but at x/H = 9.85 and the other two
downstream cross-sections, two small swirls appear
at both left and right floor corner.

The streamline curvature formed in the region
close to the burner did give a large influence on tur-
bulence. When the numerical model without cor-
rection of mean streamline curvature is applied to the
situations shown in Figs. 6 and 7, it is found that the
discrepancies between the measurements and pre-
dictions are large. The finding is not surprising
because other workers who have calculated boundary
layer flow over curved surface or recirculating flow
[15, 16] without introducing the correction on the
effects of the streamline curvature have likewise found
poor agreement. For further validations, the cor-
rection of streamline curvature is also applied to our
previous study [8]. The two-dimensional test section
used in the study is 2.95 m long with a uniform cross-
section 0.5 m wide by 0.1 m high. The heat source is
simulated by an electrical heater which is made of
spiral Nichrome wire.

The results presented in Fig.10 compare the tran-
sient temperature profiles at two cross-sections with
and without mean streamline curvature correction,
when ¢ =292x10* W m~? and 4y =037 m s~ .
The good agreement between the prediction and the
measurement is achieved.

The work of Launder and Morse [21] on swirling
jets indicated that the coefficient C, in the k—¢ model
is increased by the effect of swirl. When such an
increase is allowed for, a smaller value of Cj is needed
to achieve the agreement with measurements. Durst
and Rastogi [18] studied a turbulent recirculating flow

—
e
—
—
—
—
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F1G. 8. Calculated velocity vectors and isotherms (Case 2) (x—y plane, y/H =0, { = 40 s, unit: °C).
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z/H =2.46 z/H = 4.93

and modified the length scale equation by making a
mean streamline correction on the constant C,. The
present correction qualitatively agrees with their
suggestions. The body force production Gy in the ¢
equation should be multiplied by a coefficient much

30 T T r —r
—— : with MSC correction
------- : without MSC correction

160's 1 2

30 — : with MSC correction

~~~~~~~ : without MSC correction
0,1:20s
0.2:40s
©.3:60s

(b) 2/H=12.6

FiG. 10. Predicted and measured temperature profiles (two-
dimensional case, ¢ = 2.92 x 10* Wm~2, uy =0.37ms™').
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z/H = 12.32

J /el

\\2\//6/

z/H =12.32

z/H =9.85

Fi6. 9. Calculated velocity vectors and isotherms (Case 2) (z~y plane, t = 40 s, unit: °C).

smaller than that for shear production G,, when the
vertical shear becomes stronger. The corrections are
directly applied to the production term, because the
body force term enters the length scale equation.

An immediate consequence of the heated air flowing
near the ceiling is the spreading of the combustion
plume along the ventilation. The leading edge of the
heated air flow in x direction, which is defined as a
position where the fluid temperature is increased by
1°C, has been measured and calculated.

The measurements of the leading edge of the heated
air flow are made by 15 thermocouples in the sym-
metrical plane along x direction. The thermocouples
are installed at a height y/H = 0.62. The results are
shown in Fig. 11. The variable xz/H is considered as
an important parameter for fire hazard evaluation. As
is seen from the result, we are able to predict the
leading edge of the heated air flow with the present
numerical model.

5. CONCLUSIONS

The mathematical model described and applied
here represents the application of the developing sub-
ject of computational fluid dynamics to fires in ven-
tilated road or railway tunnels. The model attempts
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FIG. 11. Leading edge of the heated air flow.
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to retain as much of the rigor and generality of the
governing equations of conservation of mass, momen-
tum, and energy as possible. It makes no assumptions
about how the fire behaves other than the heat release
rate and a vertical velocity component in the transient
calculation. The computational code adopting a gen-
eral curvilinear coordinate system can be applied to
any geometric shape of tunnels.

The predictions have been compared with the
experimental data and shown to be in reasonable
agreement except in the region close to the burner.
The present model can be used to predict the leading
edge of the heated air flow which is directly relevant
to the safety considerations in tunnel fires. Although
the model has been tested in a few cases for validation
purposes, little difficulty would be expected from the
incorporation of effects such as external wind pres-
sures or traffic-induced air movement.

It has been recognized that the standard k—& model
does not allow precise representation of the present
problem. Some improvements have been provided in
the present numerical models on accounting for the
influence of buoyancy and mean streamline curvature
on turbulence.

For simulating the influence of mean streamline
curvature on turbulence, some advanced turbulence
models (e.g. ref. [22]) have been developed. The
emphasis of the present work is to apply it in the
framework of k—¢ turbulence model. Because of its
significant physical basis and universality, the present
model is also recommended for the modeling of other
related engineering practices.

Real fires appear to have significant density vari-
ations which further complicate the turbulent flow.
The conventional averaged field equations may, there-
fore, not be the best choice and other models, for
example, the method of Favre-averaging, where den-
sity is not treated as a dependent variable, might be an
alternative. On the other hand, species concentration
transport also influences buoyancy and should be
incorporated, particularly in reacting (or com-
bustible) flows. Development of such a model and
computational code will be the subject of future work.
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