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RESUMEN 
El presente artículo muestra una 
simulación numérica realizada dentro y 
fuera de un modelo de un carro del Metro 
(Sistema Metropolitano de Transporte) 
para investigar el campo de  flujo de aire 
alrededor y dentro del carro. El aire entra a 
través de las tres ventanas, colocadas a lo 
largo del carro, simétricamente dispuestas 
en relación a la dirección transversal del 
carro. El flujo es laminar, incompresible y 
en régimen permanente. La simulación 
permite entender en términos básicos el 
movimiento del aire dentro de un carro a lo 
ancho y largo del interior del carro.   
 
ABSTRACT 
The present study shows a numerical study 
performed on the model of a train car from 
the Metropolitan System of Transport in 
order to find the flow field around and 
inside the train car. The air enters the train 
car through three equally spaced windows 
along the length of the train car, 
symmetrically located with respect to the 
transverse axis. The flow is laminar, 
incompressible and flows in steady-state. 
The study allows the understanding in 
basic terms of the movement of air as it 
flows through the train car along its length 
and width.  
 
1:  Introduction 

Most of subway transportation 
systems operate in cities where the climate 
is cold in winter or hot in summer, so they 
need, and generally have, air conditioning 
systems inside the wagons and sometimes 
in the stations. Mexico City is situated at 
2,240 meters above sea level and has a 

moderate climate with little variation from 
average temperatures of, high 23°C and 
low 9°, so it is not necessary to use heating 
or air conditioning systems in most home 
or offices at all. 

The subway transportation system 
begun running 40 years ago and was mean 
not to require such an auxiliary equipment 
due to the benign climate conditions, and 
only few ventilation ducts and fans to the 
tunnels were installed during its 
construction. The subway system today 
has increased significantly at the pace of 
the city’s huge growth. Some days in 
summer an uncomfortable temperature and 
humidity situation can be felt in certain 
routes.  

There is a need to look for low-
cost alternatives to improve the comfort 
conditions inside the cars (and also at the 
stations, less urgently though), so 
appropriate engineering solutions must be 
sought-after. To know the real physical 
situation, a series of studies have been 
proposed that include laboratory tests with 
models and numerical simulations through 
CFD programs that might help in a better 
understanding of the ventilation in this 
complex system. In this paper some 
preliminary results of such approach are 
reported. 

As most subway systems in the world 
charge the passengers a proper market-
value fare for trips, the transportation 
companies can provide with air 
conditioning equipment for the comfort of 
passengers.  
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Therefore only few attempts to 
model the operation of a train have been 
conducted worldwide in the past. Most of 
these studies are aimed to provide specific 
information from a given system or are 
directed towards other objectives, like fire 
prevention or contaminant spreading 
within the system. 

For instance, [1] employed CFD to 
simulate a novel ventilation system of 
subway station in Harbin, China. A 
mathematical model of the novel 
ventilation system was developed based on 
the k-ε standard turbulence model, and 
computational fluid dynamics (CFD) 
simulations for the ventilation system were 
performed to clarify the conditions of the 
temperature fields. The results of the 
simulation indicated that the temperature 
of the subway station was acceptable and 
the novel ventilation system was a 
promising way to save energy and protect 
environment. [2] analyzed the unsteady 
three-dimensional flow in the subway 
tunnel caused by the passage of a train, 
both experimentally and through 
computational simulations. The 
experimental analysis of train-induced 
unsteady flow was conducted on a 1/20 
scale model tunnel. The three-dimensional 
unsteady numerical analysis using the 
sharp interface method for the moving 
boundary of an immersed solid was carried 
out for the same geometric configurations 
as the experimental analysis. The predicted 
numerical model results show good 
agreement with the experimental data. [3] 
developed a Subway Environmental 
Simulation Program (SES) to use in 
combination with a commercial CFD 
software, to explore the influence of 
various operating situations to the subway 
environment of Taipei Rapid Transit 
System. Their results show that the under 
platform exhaust has a substantial 
influence on the temperature and the cross-
sectional area of the ventilation shaft has 
quite more effect on the ventilation volume 
than length. The pressure distribution 
caused by the piston effect and its effect on 

the platform screen door was also 
discussed and compared. On the other 
hand, [4] and later [5] conducted 
independent investigations in what seems 
to be the only studies related to the 
ventilation problems in Mexico City’s 
subway system. [4] performed laboratory 
simulations in a scale model of the train to 
measure preliminary velocity profiles, 
aimed to establish the possibility of using 
the “piston effect” as a means for 
ventilation purposes, whereas [5] did 
measure limited “in situ” average 
velocities of the air currents inside a 
wagon under normal operation. 
Unfortunately, neither research projects 
were continued. 

 
2:  Model 

The geometry was created taking 
into account the exterior surface and the 
inside of the train car. Therefore, 2-D 
models would not provide all the flow field 
features as the air flows in the direction of 
the movement of the train car (1-D) 
through the width of the tunnel (2-D) along 
the height of the tunnel (3-D). The 
entrance of air through the windows is one 
of the critical aspects of the study as is the 
flow of the air inside the train car. One flat 
surface as the domain for the numerical 
simulation is incomplete to describe the 
whole flow field. In this study, a 1.5 m 
high, 2.5 m wide and 15m long box with 3 
windows in each 15 m side is subjected to 
a stream of air with a characteristic 
velocity of subway operation as shown in 
Figure 1.The thickness of the train car is 
0.2 meters. The direction of the flow is 
parallel to the long side of the train car. 
The train car is located 0.5 meter above the 
bottom of the domain that represents 
tunnel’s floor. The mesh is uniformly fine 
in the whole region. The flow is 
considered laminar (Re=9.5x105) where 
the characteristic length is the width of the 
traincar. Also, the flow is incompressible 
and flowing on steady-state. The 
limitations of these assumptions are 
discussed below.   
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Figure 1: Schematic side view of the train car and tunnel 

 
 
3:  Results 

Numerical results are presented to 
show flow fields and trajectories of fluid 
articles outside and inside a typical subway 
car. COMSOL Multiphysics was used to 
simulate fluid flow features of the problem 
with the following parameters. The mesh 
was set to Fine and the size of each 
element in the boundary between the train 

car and the air is set to 1x10-3. 
Convergence criterion corresponds to a 
mild non-linear problem, that is, the 
software stops iterations when the relative 
tolerance exceeds the relative error that is 
computed as a standard deviation. The 
criterion was set as Automatic, where the 
scale factor for this problem is set to 0.1.

 
 
 
 
Table 1: Parameters used for the numerical model 
Velocity 30 km/h 

Height 2.2 m 
Width 2.5 m 
Length 15 m 

Tunnel length 25 m 
Tunnel width 4.5 m 
Tunnel height 5 m 

Air density 0.92  kg/m3 

Air viscosity 2x10-5 Pa*s 
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Figure 2. Velocity field on isometric view of the x-y plane located at 1.8 m above the train 
car’s floor 

 
 

 
 
Figure 3. Velocity field on upper view of the x-y plane located at 1.8 m above the train car’s 
floor 

On figure 2, air is flowing from 
upper left to lower right. High-speed zones 
are present in the front of the car (free 
stream) and along the length of the 
sidewalls. The figures 2 and 3 show the 
magnitude of the three vector components 
of velocity. Notice on figure 3 that 
entrainment of air occurs at a relative high 
velocity only on the line of the first 
windows. This doesn’t seem to suggest 

that the second and third line of windows 
do not let in air at all, it only says that 
entrainment is much slower or, as seen 
below, it is air from the inside of the train 
car leaving to the tunnel through the last 
line of windows. At the backside of the 
train car, the air shows an increment of 
velocity in comparison to the air near the 
tunnel walls, typical of the flow structure 
behind a blunt body in external flows.  
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Figure 4 shows the velocity of the 

air around and inside the train car when the 
x-y plane is located at z = 1 m above the 
train car floor. It is noticeable that 
interaction between air and outer sidewall 
can be neglected due to absence of window 
influence. However, there is 3 m/s flow 
inside the car in the y direction produced 
by momentum transfer of the air flowing in 
the plane x-y at z = 1.8 m where the 

windows are located. There is also the 
possibility that the air that is introduced 
through the first line of windows flows not 
only in the direction of the length of the 
train car but also it must flow in the z 
direction. 

 
Figure 5 shows a 2-D flow field on 

the y-z plane at the left sidewall of the 
train car.

             

 
 

Figure 4. Velocity field on isometric view of 
the x-y plane located at 1 m above the train 
car’s floor 

Figure 5. Velocity field on the y-z plane at the 
left sidewall of the train car 

 
 
A typical Pouiseille flow in a 

rectangular duct can be inferred from the 
upper side of the plane on Figure. This is 
the distribution of velocity in the z 
direction and it can be said that the 
entrainment of air through the window has 
no appreciable influence on the y-z plane 
of the flow field. Furthermore, in spite of 
some lack of detail from post-processing 
rendition of the flow field, the tunnel walls 
don’t seem to influence the flow around 
the train car on its upper part. This 
suggests that modelling of a train car could 
be modelled as an external flow where the 
only important interactions between fluid 
and solid occur on a region near the train 
car walls, though experimentation is 
needed to prove this. However, the 
consequences of this assumption would be 
easier geometries, lower processing time 
and costs.   

   
Also, the velocity field on x–y 

plane at the exit of the tunnel shows a high 

speed region at the upper part of the tunnel 
while the lower part exhibits lower 
velocity. This is, again, due to the 
instability of the region behind the train 
car. This region should be extensively 
studied because of its influence on power 
losses and momentum transfer on air when 
the train car leaves or arrives the station.  

 
The simulation suggests that 

ventilation of the inside of the train car via 
outer air works at some extent for 
passengers near the midline of the train car 
in the y direction. Pathlines are trajectories 
of some “seeded” particles in the 
simulation in order to see the path from the 
free stream at the front of the traincar. 
Figure 6 shows the function of Particle 
Tracing provided by COMSOL 
Multiphysics in order to visualize the 
pathlines of particles located on the x–y 
plane at z = 0.1 m above the roof of the 
train car. 
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This particular plane was chosen 

due to the large amount of particles that 
entered the train car through the windows 
in comparison with pathlines produced on 
other x–y planes. This suggests that 
entrainment of air through windows of this 
particular configuration is low. Figure 7 
shows local pathlines located on the x–y 
plane at z = 1.7 m over the train car’s floor 
only for the first line of windows. This 
plane cuts in half the height of the 
windows. It is noted that all of them, after 
entering inside the train car, fall to an 
approximate height of 1 m above the floor. 
This is a confirmation that this kind of 
flows, although bounded by simple 
geometries, is three dimensional.  
 

One of the most important 
questions to be solved is the flow field 
inside the train car. This is the one that 
affects human comfort and is critical to 

understand possible ways of designing 
optimal ventilation systems. Figure 8 
shows the velocity vector field located on 
the x–y plane at z = 1.8 m.  
 

Flow is going in through the first 
line of windows and then goes down inside 
the train car. In the second line of 
windows, recirculation zones are observed. 
As the flow inside the train car flows 
axially through its length, it has a tendency 
of going upwards and some of it exits the 
train car through the third line of windows. 
The velocity is higher on a z = 1 m plane 
inside the train car. The tendency of 
flowing down at the front of the train car 
and flowing up when approaching the back 
is conserved. It seems that at 1 m from the 
floor (approximately at the height of the 
waist), high speed, relatively speaking, 
streams are present inside the train car.

 
Figure 6. Pathlines of the flow around and inside the train car 
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.  

 
 
Figure 7. Local pathlines at the first line of windows 
 

It is important to recall the 
assumptions under which this model is 
based. Steady-state flow represents the 
operation of a train car at constant velocity 
in a straight path, which is a very common 
case for the subway system. Unsteady state 
should be used to analyze the flow field 
under “stop and go” subway operations or 
braking situations. Due to the dimensions 
of the actual subway train car, the laminar 
flow assumption in the model does not 
seem to hold. However, for low velocities, 
a laminar regime inside the tunnel can be 

considered. Furthermore, the purpose of 
this study was to detect disturbances, 
recirculation zones inside the train car 
from a flow without previous instabilities. 
Future models would have to complement 
this information with turbulence models 
for the free stream flow. Although the air 
is a compressible fluid, the flow is not 
compressible for this low velocity. The 
assumption of incompressible flow is usual 
for gases at low velocities. 
 

 

 
Figure 8. Velocity vectors located on the x–y plane at z = 1m  above the train car floor 
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4:  Conclusions 
 

The first line windows allows the entrance 
of air from the tunnel, the second line of 
windows do not seem to participate in the 
exchange of air from the tunnel to the train 
car or vice versa. Meanwhile, the third line 
of rows allows the exit of air from the 
inside of the train car. This suggests that, 
for ventilation purposes, the second line of 
windows is irrelevant. It is still to be 
explained the tendency of the air going 
inside the train car to abandon the z = 1.8 
m plane to flow down first and second to 
flow to the upper back side of the train. 
One possible way to explain this flow 
structure is the lack of space from z = 1.8 

m to the roof. Therefore, the flow has to 
readapt flowing down finding more 
transversal area from the z = 1.8 plane to 
the floor. No matter what the explanation, 
there seems to be a fact the three 
dimensional character of the flow field 
inside the train car which adds more 
complexity to modelling analysis.  

The present study is part of an 
extensive research aimed to answer 
quantitatively the variables of the flow 
field and geometrical variations of the 
position of the windows along with 
asymmetrical configurations of the train 
car, influence of the second row of 
windows and the number of train cars in 
the same tunnel. 
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