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Abstract—The objective of this study is to investigate fire 

behaviors, experimentally and numerically, in a scaled version of an 
underground station. The effect of ventilation velocity on the fire is 
examined. Fire experiments are simulated by burning 10 ml 
isopropyl alcohol fuel in a fire pool with dimensions 5cm x 10cm x 4 
mm at the center of 1/100 scaled underground station model. A 
commercial CFD program FLUENT was used in numerical 
simulations. For air flow simulations, k-ω SST turbulence model and 
for combustion simulation, non-premixed combustion model are 
used. This study showed that, the ventilation velocity is increased 
from 1 m/s to 3 m/s the maximum temperature in the station is found 
to be less for ventilation velocity of 1 m/s. The reason for these 
experimental result lies on the relative dominance of oxygen supply 
effect on cooling effect. Without piston effect, maximum temperature 
occurs above the fuel pool. However, when the ventilation velocity 
increased the flame was tilted in the direction of ventilation and the 
location of maximum temperature moves along the flow direction. 
The velocities measured experimentally in the station at different 
locations are well matched by the CFD simulation results. The 
prediction of general flow pattern is satisfactory with the smoke 
visualization tests. The backlayering in velocity is well predicted by 
CFD simulation. However, all over the station, the CFD simulations 
predicted higher temperatures compared to experimental 
measurements. 
 

Keywords—Fire, underground station, flame propagation, CFD 
simulation, k-ω SST turbulence model, non-premixed combustion 
model.  

I. INTRODUCTION 

CCURATE prediction of fire and smoke propagation in 
an underground transport station becomes more and more 

important for designing  efficient fire protection systems. Due 
to the large amounts of people travel through underground 
railways daily, the fire safety inside tunnels and stations have 
gained importance after recent catastrophic fires caused heavy 
casualties and tremendous loss of property. It is necessary to 
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design an effective fire protection system. In general, fires are 
very complex in nature, such as turbulence, combustion 
radiation, combustible materials, fire location, space 
geometry, etc., which affect the fire and smoke propagation. 
The experiments in a scaled underground station provide 
useful information. However, they are not sufficient to 
provide full-scale features. 

Park et al. [1] conducted a numerical study to evaluate of 
fire outbreak in an underground station. They took 
measurements from an actual underground station platform for 
numerical analysis to investigate the ventilation of the station 
and smoke in case of fire. The velocity measured at various 
points at the platform was compared with the results obtained 
by numerical analysis. It was shown that the capacity of 
exhausts installed exerts a significant influence on the 
movement of heat and smoke in case of fire.  

The critical velocity is defined as the minimum air velocity 
required suppressing the smoke spreading against the 
longitudinal ventilation flow during tunnel fire situations.  Wu 
and Baker [2] investigated the relationship between the critical 
velocity and heat release rate of the fire and the effect of the 
tunnel cross-sectional geometry to the critical ventilation 
velocity both experimentally and numerically. Experimental 
tests have been carried out using a series of small scale tunnels 
having same height but different cross-sectional geometries. 
Dimensionless velocity and heat release rate with tunnel 
hydraulic height (tunnel mean hydraulic diameter) as the 
characteristic length was used in the experimental data 
analysis. It was shown that the experimental data can be 
correlated in a simple formula which can be used for scaling. 
In addition, the CFD predictions have been validated against 
the experimental measurements.  

Three different combustion models, the volumetric heat 
source (VHS) model, the eddy-break up model and the 
presumed probability model (prePDF) in enclosure fire 
simulation are examined numerically by Xue et al. [3]. The 
results of different combustion models are compared and 
evaluated with available experimental data. They found that 
the VHS model performs well at the measuring station close 
to the fire for shopping mall fire, while the prePDF model 
appears to perform best at the upstream and relatively far 
away from the fire source. For the tunnel fire, the eddy 
breakup model and prePDF model perform equally well. 

Li and Chow [4] studied different tunnel fire scenarios, 
numerically. The tunnel concerned was simplified as a very 
long rectangular tube. Fire size, ventilation system and heat 
capacity were considered as parameters. Based on the results, 
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performance of different safety systems are evaluated and 
compared.  

The smoke movement in a ventilated tunnel fire was 
simulated through large eddy simulation (LES) by Gao et al 
[5]. The fire was considered as a volumetric heat source and 
different scenarios was investigated for different ventilation 
rates. The results show that the model predicted the flame 
shape and the smoke backflow accurately. 

To analyze the effect of the aspect ratio on smoke 
movement in tunnel fires, a numerical study by using FDS 
(Fire Dynamics Simulation) code and experimental study on 
the scaled version of tunnel were carried out by Lee and Ryou 
[6]. They found that, the temperatures in the tunnel calculated 
numerically are close enough to experimental data within 
10oC. Aspect ratio of the tunnel cross-section affects the 
growth and development of smoke in tunnel fires. 

The performance of the smoke management system in a 
typical subway station was studied using FDS version 3.10 by 
Lin and Chuah [7]. It has been noticed that visibility of smoke 
is the key factor for escape of the person in an underground 
station. In addition, proper smoke exhaust system design can 
maintain a tenable environment for safe evacuation. 

A numerical simulation of the flame propagation over 
horizontal surface of a liquid fuel (heptane) was performed in 
a model tunnel with a wind velocity by Wang and Joluain [8]. 
Combustion, soot and radiation models coupled with a LES 
were tested by win-aided fire propagation behind pyrolysis 
zone. It was found that for the wind velocity lower than 1.5 
m/s, the visible flame can be significantly tilted from 
horizontal and was elongated over the ceiling surface, the 
flame length was found to be 8-9 times the pyrolysis length 
due to lack of oxygen. As the wind velocity increases to 2 m/s, 
the flame length is only 4 times the pyrolysis length, because 
of the sufficient oxygen supply in the reacting zone and 
development of counter rotating vortex structure on the cross-
section of the tunnel. 

Roh et al. [9] carried out an experimental and numerical 
study to investigate the effect of ventilation velocity on the 
burning rate. The experiments are performed on a scaled 
model with n-heptane. They observed that the burning rate of 
n-heptane fuel increases as the ventilation speed increases 
because the supply oxygen effect is larger than the cooling 
effect. They obtained that the non-dimensional critical 
velocity is proportional to the one third power of the non-
dimensional heat release rate.  

A study on the critical ventilation velocity in longitudinally 
ventilated tunnels was conducted by Hwang and Edwards 
[10]. The simulation results were compared with available 
experimental data and simple theories. The CFD results show 
that the fuel type and ambient temperature have negligible 
effects on the critical ventilation velocity. The fire burning 
rate increases by leveling of the critical ventilation velocity.  

The objective of this study is to investigate fire behaviors, 
experimentally and numerically, in a scaled version of 
underground station.  Fire experiments are simulated by 
burning 10 ml isopropyl alcohol fuel in a fire pool with 
dimensions 5cm x 10cm, at the center of 1/100 scaled 
underground station. Experiments are done for zero piston 
effect (natural ventilation) and different uniform inlet air 

velocities in order to represent train operations called ‘piston 
effects’ (forced ventilation). During the experiments, 
temperature and velocities at different locations of the scaled 
version of underground station are measured and recorded. 
Finally, flow field and combustion models are constructed 
with suitable boundary conditions for numerical simulations. 
The numerical simulation results are compared with 
experimental data obtained in this study.  

II.  PROBLEM DEFINITON AND EXPERIMENTAL SETUP 

The photograph and schematic half-model of underground 
station is shown in Fig. 1 and Fig. 2, respectively.  The model 
is scaled 1/100 and constructed with heat resistant materials. 
The symmetry plane is closed by a heat resistant glass which 
permits visual observation and recording the experiments. In 
order to simulate fire under piston effects a variable velocity 
blow off fan is placed at the inlet of station.  To satisfy 
uniform inlet velocity a honeycomb mesh is mounted after the 
fan.  

During the fire simulation experiments, the temperatures 
inside the model station are measured at three different 
vertical planes. In each plane, temperatures are measured and 
recorded from 9 locations and in the exit tunnel continuously. 
In addition to that, flow velocities are measured and recorded 
at the inlet, center and outlet part of the model station. The 
locations of the thermocouples and pitot tubes are shown in 
Fig. 3. For each fire tests, 10 ml isopropyl alcohol is burned in 
a 5 cm x 10 cm x 4mm pool.  

III. CRITICAL VELOCITY 

The critical velocity is defined as the minimum longitudinal 
ventilation velocity needed to avoid the upstream smoke flow 
(backlayering i.e. the smoke moving in the opposite direction 
of the ventilation system). The relationship of the critical 
velocity is a function of fire heat release rate. The magnitude 
of critical velocity varies with the tunnel cross-sectional 
geometry. Wu and Bakar [2] suggested that the mean 
hydraulic tunnel height should be used as the characteristic 
length in the buoyancy force expression, instead of the tunnel 
height. The Froude number is defined as the ratio between the 
buoyancy forces generated by the fire and the inertia forces 
due to ventilation air flow, 
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The Froude number preservation in fire situation was 

proposed by Thomas [11]. He suggested that Richardson 
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Thomas [11] expressed that the critical ventilation as a 

function of the Heat Release Rate (HRR) by: 
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Where Dh (m) mean hydraulic diameter of tunnel, Q (W) is 
heat release rate, A (m2) is the station cross section area ρo 
(kg/m3) and To (oC) are ambient air density and temperature, 
respectively. Cp (J/kgK) is the specific heat capacity of air. 
 

 
Fig. 3 Locations of thermocouples and pitot tubes 

 
Fig. 1 Photograph of model underground station 

 
Fig. 2 Schematic diagram of model underground station 
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In this study, Dh=0.262m, ρ0=1.225 kg/m3, T0= 21 oC, 
Cp=1006 J/kgK, Q=2000 W. The critical velocity in the 
station is calculated Vc=1.41 m/s for Q=2000 W and Vc=1.47 
m/s for Q=2300 W. The ratio of cross sectional areas of 
station and tunnel is 4.95. The tunnel inlet velocities are 
chosen as 1 m/s and 3 m/s for this study. Therefore, the 
corresponding average air velocities in the station are 0.20 m/s 
and 0.60 m/s, respectively. In the station, the chosen mean air 
velocities are less than the critical velocities. 

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 

In order to examine piston effect to the in-station flow 
characteristics and fire behavior, the different uniform 
velocities (natural ventilation, 1 m/s and 3 m/s) were applied 
to the inlet of the station entrance tunnel. 10 cm x 5 cm and 4 
mm high pool with 10ml isopropyl alcohol is placed at the 
center of station. The experimental measurements of time 
history of temperature distribution with different location of 
the model station are shown for 0, 1 and 3 m/s ventilation 
velocity, in Fig. 4, 5 and 6, respectively. It is seen that overall 
temperature is highest with natural ventilation situation. 
However, when the ventilation velocity is increased from 1 
m/s to 3 m/s the maximum temperature in the station is found 
to be less for ventilation velocity of 1 m/s. The burning rate of 
isopropyl alcohol increases as the ventilation velocity is 
increased. The reason for these experimental result lies on the 
relative dominance of oxygen supply effect on cooling effect. 
Without piston effect, maximum temperature occurs above the 
fuel pool, however, when the ventilation velocity increased 
the flame was tilted in the direction of ventilation and the 
location of maximum temperature moves along the flow 
direction. The maximum temperature in the station is around 
500 oC for natural ventilation case, however it decreases to 
300 oC for 1m/s ventilation velocity case and 350 oC for 3 m/s 
ventilation velocity case. In Fig. 4, three peak temperatures 
are observed and those temperatures are measured by 
thermocouples (at locations 8b, 5b and 2b) above the 
isopropyl alcohol pool. In 
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Fig. 4 Time history of temperature distribution on the model station 
in case of natural ventilation 

forced ventilation cases, the peak temperature is measured at 
location 8b. Along the floor of the station from the fire source, 
temperatures are higher than those of natural ventilation 
case.

0

50

100

150

200

250

300

350

  15:20:00
  15:21:00

  15:22:00
  15:23:00

  15:24:00
  15:25:00

1a1b1c2a2b2c3a3b3c4a4b4c5a5b5c6a6b6c7a7b7c8a8b8c9a9b9c

Te
m

pe
ra

tu
re

 o C
Time

Position of Thermocouples  
Fig. 5 Time history of temperature distribution on the model station 

in case of 1 m/s inlet ventilation velocity 
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Fig. 6 Time history of temperature distribution on the model station 

in case of 3 m/s inlet ventilation velocity 

V. NUMERICAL SIMULATION RESULTS AND DISCUSSIONS 
Commercial FLUENT CFD program was used in numerical 

simulations. The solid model of the small scaled underground 
station is generated. In order to get proper numerical grid 
spacing, grid independency tests were carried out for uniform 
1 m/s and 3 m/s inlet velocities and without fire case. Based 
on the results of grid sensitive test, the optimal mesh of 
230.000 tetrahedral cells was used in numerical simulations. 
At least 1000 iterations were used to obtain converged 
solutions. Different turbulence models were tested and it was 
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found that k-ω SST turbulence model result matches the 
experimental results quite well. Then different combustion 
models which are available in FLUENT program were tested 
and non-premixed combustion was chosen for fire 
simulations. It was assumed air uniformly enters the station 
with 21oC. Atmospheric pressure boundary condition was 
applied to the outlet of the station. Thermally isolated no slip 
boundary condition was applied to the solid surfaces. 

The CFD-predicted temperature distribution at the station 
center plane is plotted for inlet air velocity 1 m/s and 3 m/s for 
the heat release rates of 2 kW and 2.3 kW in Fig. 7 and 8, 
respectively. In these cases the average velocity in the station 
are 0.20 m/s and 0.6 m/s. The calculated critical ventilation 
velocities are 1.41 m/s and 1.47 m/s for considered station 
model. The predicted temperature profiles are reasonable in 
most of the upstream and downstream of the flow zone. 
However, all over the station, the CFD simulations predicted 
higher temperatures. In experimental study, the maximum 
temperature measured near the flame zone is about 300oC for 
1 m/s and 350oC for 3 m/s. However, the CFD predicted 
maximum temperature is about 700oC for both cases which 
was too high for isopropyl alcohol combustion. One of the 
reasons is that, the turbulent combustion models are based on 
fast chemistry concepts which tend to overestimate the 
reaction rates.  The other reason, the walls of the station 
behaves like heat sink and some of the heat is transferred from 
the heat resistant observation glass. In order to get better 
estimation for the time history of temperature distribution, it is 
required to make a good estimation on the heat release rate. In 
addition to that, heat transferred for the observation glass and 
heat absorption by the walls of channel must be taken into 
account.  

 

 
Fig. 7 CFD predicted temperature distribution at time t=13 s of 

combustion on the centerline plane of fuel source (Q=2 kW, Vc=1.41 
m/s, Vinlet=1 m/s) 

 
Fig. 8 CFD predicted temperature distribution at time t=13 s of 
combustion on the centerline plane of fuel source (Q=2.3 kW, 

Vc=1.47 m/s, Vinlet=3 m/s) 

 
      (a)           (b) 

 
      (c)           (d) 

 
      (e)           (f) 

Fig. 9 CFD predicted velocity profiles on the centerline of  fuel 
source at t=13 s for various locations in the station (Q=2 kW Vc=1.41 

m/s, Vinlet=1 m/s) a) distance from station entrance is 10 cm, b) 
distance from station entrance is 25 cm, c) distance from station 
entrance is 40 cm, d) distance from station entrance is 50 cm, e) 
distance from station entrance is 60 cm, f) distance from station 

entrance is 70 cm 
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 The velocity profiles for 1 m/s and 3 m/s on the centerline 
of fuel source at various locations along the station are shown 
in Fig. 9 and 10. The velocities measured experimentally in 
the station at different locations are well matched by the CFD 
simulation results. The prediction of general flow pattern is 
satisfactory with the smoke visualization tests. The 
backlayering in velocity is well predicted by CFD simulation. 

 

 
      (a)           (b) 

 
      (c)           (d) 

 
      (e)           (f) 

Fig. 10 CFD predicted velocity profiles on the centerline of  fuel 
source at t=13 s for various locations in the station (Q=2.3 kW 

Vc=1.47 m/s, Vinlet=3 m/s) a) distance from station entrance is 10 cm, 
b) distance from station entrance is 25 cm, c) distance from station 

entrance is 40 cm, d) distance from station entrance is 50 cm, e) 
distance from station entrance is 60 cm, f) distance from station 

entrance is 70 cm 

VI. CONCLUSION 

In this study, the fire simulations have been carried out in a 
reduced-scale underground station model, experimentally and 
numerically. The effect of ventilation velocity on the time 
history of temperature distribution is examined. In the 
experimental study, fire is simulated by burning isopropyl 
alcohol in a fire pool. In the numerical simulations, k-ω SST 
turbulence model and non-premixed combustion model are 
used. It is noticed that, the temperature distribution in the 

station is the highest without piston effect. Also the lowest 
temperature is measured in the exit tunnel for the no piston 
effect fire case. By increasing the ventilation velocity, the fire 
tilted along the flow direction and point of maximum 
temperature moves through the tunnel exit and becomes closer 
to the floor of the station. The burning rate of isopropyl 
alcohol increases as the ventilation velocity of isopropyl 
alcohol increased. k-ω SST turbulence model predicts quite 
well for the flow field simulation. The more adequate 
combustion model is required for simulating a fire in an 
underground station 
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