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ABSTRACT
In the fire safety design of a tunnel, a longitudinal ventilation system is often installed to create a safe route for
evacuation and fire fighting, which is clear of smoke and hot gas, in the case of a fire. In ventilated tunnel fires,
smoke and hot gases may flow in the direction opposite to the ventilation air flow. The existence of the reverse
flow endangers the fire fighting and evacuation in underground mine roadways, tunnels and building corridors.
In this paper, a computational fluid dynamics (CFD) method is used to model floor-level fires in a ventilated
tunnel. The computed velocity and temperature profiles with different fire source intensity and different tunnel
width are obtained. These results show that, to provide an evacuation path, an appropriate ventilation air flux
must be maintained. The “critical velocity”, which is defined as the minimum air velocity required to suppress
the smoke spreading against the longitudinal ventilation flow during tunnel fire, is also predicted and compared
with the results obtained experimentally. Based on the tunnel hydraulic height, a relationship between nondimensional critical velocity and non-dimensional fire heat release rate is proposed.
Keywords: tunnel fire, CFD, critical velocity

1.

INTRODUCTION

Although there is increasing attention being paid to
life safety during fire emergency in tunnels and
mine roadways, there is no universally accepted
design and operation criterion for fire emergency
life safety systems. Consider the scenarios such as
a vehicle on fire stopped in a tunnel, jamming the
traffic and requiring worker and passenger
evacuation, or a conveyer-belt fire in an
underground mine entry, producing smoke and
toxic combustion products. In the design for such a
fire or smoke emergency, a main concern is
maintaining an evacuation path that is free of
smoke and hot gases. In ventilated tunnel fires, the
risk from fires as well as the subsequent smoke
movement depends largely on the ventilation flux
applied. If the ventilation velocity is low, the
smoke produced from the fire can travel in the
upstream direction against the direction of the
ventilation flow. Smoke may form a layer near the
ceiling and flow in the direction opposite to the
ventilation stream. This reversal of flow is called
“backlayering”. In some realistic fires, smoke and
other combustion products have been observed to
fill the tunnel for a considerable distance upstream
the fire source. When the ventilation is not enough,
the reverse stratified layer has an important effect
on fire fighting and evacuation. It is of practical
importance to understand the physical parameters
and flow conditions under which the reverse
stratified flow occurs.
The “critical velocity” is used to represent the
value of the ventilation velocity which is just able
to eliminate the “backlayering”, and force all the

smoke to move in the downstream direction. This
value has become one of the prime criteria for the
design of tunnel ventilation systems. Previous
works employed simple empirical models to
predict the critical velocity [1-5]. Generally, these
models consider the buoyancy head and the
dynamic head in the system, and deduce
appropriate quantities for correlation. A recent
review of tunnel fires by Grant et al. [6]
pointed out that the existing experimental data
still
show
an
inadequate
fundamental
understanding of the interaction between
buoyancy-driven combustion products and forced
ventilation, the validity of extrapolating small-scale
results to large scales, the influence of slopes and
the tunnel geometry on smoke movement. They
also pointed out that CFD-based models would
be the best way for prediction purposes, because
CFD models make few prior assumptions. They
are based on the fundamental conservation
equations in fluid mechanics, and provide, in
theory, fine resolution of the problem in terms of
both space and time for all the parameters of
interest. With increasing availability of powerful
computers, considerable attentions are given to
CFD modeling of fire in buildings and ventilated
tunnels [7-11].
In this paper, a CFD code is developed as an
analysis tool to model floor-level fires in a
ventilated tunnel. The fire source is simulated by a
diffusion flame of propane issuing from a hole on
the floor of a tunnel. The standard k-εturbulence
model is used in the three-dimensional channel
flow. The distribution of flow and thermal physics
parameters are obtained under different fire
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intensity. The relationship between “critical
velocity” and fire heat release rate is also studied.

energy of turbulent fluctuations k and the
dissipation rate of turbulence energyεare solved.

2.

2.2 Combustion Modeling - Representing
of Fire

MODEL DESCRIPTION

2.1 Governing Equations
Three-dimensional, time-dependent viscous flow
equations, the Navier-Stokes equations are used to
calculate the flow and heat transfer characteristics
within the tunnel fire. These equations describe the
conservation laws of mass, momentum, energy,
turbulence parameters and species, subject to the
given boundary conditions.
Conservation of mass:

∂ρ
+ ∇ ⋅ ρu = 0
∂t

(1)

Conservation of species:

∂
(ρYl ) + ∇ ⋅ ρYl u = ∇ ⋅  ρ µ  ∇Yl + Wl '''
∂t
 Sc  l

A popular and rather successful example of
combustion modeling is the Eddy-Break-up (EBU)
model, originated from the works of Spalding [1416] and subsequently developed by Magnussen and
Hjertager [17]. Further research works have
suggested that combining EBU turbulence
combustion models with laminar Arrhenious
models gives better prediction results. Therefore
EBU-Arrhenious models have been adopted in the
present code. The two-step chemistry reaction
mechanism of propane/air was used.
C3H8 + 7/2O2 = 3CO + 4H2O, CO + 1/2O2 = CO2
(7)
In the Arrhenious model, the methane and carbon
monoxide reaction rates can be expressed as:

(2)

wC3 H 8 , Arr = −1.0 × 1012 e

−

30×4184
RT

ρYC H
3

0.1
8

YO2

Conservation of momentum:

 ∂u

+ (u ⋅ ∇ )u  + ∇p = ρg + f + ∇ ⋅ (µ∇u )
∂
t



ρ

(3)

Conservation of energy:

∂
(ρh ) + ∇ ⋅ ρhu − Dp = q& ''' + ∇ ⋅  µ ∇h
∂t
Dt
 Pr 

(4)

State relation:

p 0 = ρRT

(5)

Energy equation:

h = c pT

(6)

The above equations are written for a weakly
compressible flow, which means that the fluid
density changes as a result of changes in
temperature or composition of the mixture, but not
pressure. Pressure is, therefore, supposed to be
thermodynamically constant and influence the fluid
motion only through its spatial derivatives present
in the momentum equations. This assumption
filters out acoustic waves from the flow.
For the enclosure of Reynolds stress, the standard
two-equation k-ε turbulence model is employed
[12], in which additional equations for the kinetic
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1.65

× M C3 H 8
(8)

40× 4184
wCO,Arr = − 12 .35 × 10 10 e − RT ρ 1.75Y Y 0.5Y 0.25
CO H 2 O
O2

40× 4184
−

(9)
− 5 × 10 8 e RT YCO2 ρ  × M CO


While in the Eddy Break Up model, the methane
and carbon monoxide reaction rates have the form
of


YO2
 ε
wC3 H 8 , EBU = −C r1  ρ  min YC3 H 8 ,

β C3 H 8
 k

YO

 ε
wCO , EBU = −C r 2  ρ  min YCO , 2
β CO
 k







(10)

 28
−
 16 wC3 H 8 , EBU

(11)

In EBU-Arrhenious model, the methane and carbon
monoxide reaction rates were decided by:

wC3 H 8 = − min[ wC3 H 8 , Arr , wC3 H 8 , EBU ]
wCO = − min[ wCO , Arr , wCO , EBU ]
Here, Cr1 = 3.0, Cr2 = 4.0.

(12)
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2.3 Boundary Conditions and Numerical
Method

cells in length, width and height direction
respectively was used.

A steady-state simulation was performed in the
present study. For the walls, the non-slip and
adiabatic boundary condition is used. The wallfunction is used to solve near-wall turbulence. At
the upstream (inflow) side of the channel, a
uniform air velocity u is specified (forced
ventilation) with v = 0 and w = 0.

Fig. 1 shows that when the value of uin increases,
the length of the reverse stratified layer decreases.
Fig. 2 is the comparison of the CFD result and the
experimental measured critical velocity versus the
fire heat release rate in the tunnels. It can be seen
that the numerical result have good agreement with
the experimental result of Wu [13]. Fig. 3a shows
numerical result under different tunnel width. Oka
and Atkinson [5] used tunnel height H as the
characteristic length in their analysis. Here tunnel
A to C has the same height of 0.25 m, the tunnel
width are 0.25 m, 0.5 m, 1.0 m respectively. A
general expression presented by Oka and Atkinson
[5]:

The equations were solved using Finite Volume
Method. The difference scheme is the HLPA [18].
In the solving process, the SIMPLE method is used.

3.

RESULT AND DISCUSSION

The channel used in the modeling is 7.1 m in length,
0.25 m in width, and 0.25 m for height, the same as
the geometry in the experiment of Wu [13]. For a
fixed channel geometry, the dominant parameters
for the flow field are the ventilation velocity u, the
fuel-exit velocity, the fuel-exit diameter and the
channel inclination angle. The quantity is
proportional to the rate of heat generation at the
source fire. The fuel is injected through a 0.1
diameter floor opening located at a distance of 3.0
m downstream the ventilation air inlet. A threedimensional body-fitted grid with 108 x 27 x 23

 Q' 
V ' = 0.38

 0.12 

1/ 3

, for Q' ≤ 0.12 ,

V ' = 0.38, for Q' > 0.12

(13)

is also plotted in Fig. 3a. Here,

V '=

V
gH

, Q' =

Q

(14)
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Fig. 1: Velocity vector plots showing the extent of reverse stratified layers for various flow conditions
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V ' ' and dimensionless heat release Q' ' is shown in
Fig. 3b. The formula in this figure is presented by
Wu [13]:

0.7
0.6

V ' ' = 0.40[0.2] (Q' ') , for Q' ' ≤ 0.20 ,
V ' ' = 0.40, for Q' ' > 0.20
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−1 / 3
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(15)
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gH

Fig. 2: Comparison of the CFD result and the
experimental measured critical velocity vs. the
fire heat release rate in the tunnels
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Fig. 4 shows that the distribution of CO2 in CFD
result can be compared with the actual smoke
distribution in real fires.
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It has a good agreement with our computed results.
From the two figures, we can see that the mean
hydraulic diameter H is a better characteristic
length than the tunnel height H to normalize the
problem.

Ris [19] find the mean hydraulic diameter H ,
which is defined as the ratio of 4 times the crosssectional area to the tunnel wetted perimeter, to be
a better characteristic length to normalize the
problem. Wu [13] has successfully used this length
scale to normalize their experimental results. The
calculated relation between dimensionless velocity
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Fig. 3: The dimensionless critical velocity V* vs. the dimensionless heat release rate Q*
(a)The tunnel height is used as the characteristic length
(b)The hydraulic tunnel height is used as the characteristic length
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Fig. 4: Comparison of experimental photograph of smoke and CFD result of
CO2 contour distribution in a tunnel fire
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CONCLUSION

A CFD method based on the standard k-ε
turbulence model was used to model a floor-level
fire in a ventilated tunnel. It has been shown that
how CFD analysis can be used to determine a
correlation between the length of the reversal flow
region and tunnel ventilation. The resultant
correlation can be used as the guidance for smoke
control measures. For example, the correlations
indicate that ventilation flux obeying to the onethird power of the fire intensity must be maintained
to provide a clear and safe evacuation path from the
fire source. This is an example of how a CFD
modeling, when interpreted carefully and employed
correctly, can become a useful design tool for fire
protection. (Future investigation with other CFD
codes and additional experiments should result in
improved reverse flow length correlations.)
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