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Abstract. The present paper investigates the e�ect of train speed and ground clearance
on aerodynamic forces of a simpli�ed high-speed train. For this purpose, 20 di�erent
cases including trains with �ve di�erent speeds and four varied ground clearances were
numerically simulated. The results showed that increasing the train speed had a dual
e�ect on increasing the vertical upward lift forces. Non-dimensional ground clearances
above than 0.22 at speeds above 250 km/h resulted in dramatic upward lift forces and led
to train instability. At ground clearances below than 0.092, a rise in the speed increased
the downward force, enhancing the stability of the train. Moreover, further analysis of
the ground clearance e�ect demonstrated that at a ground clearance equal to about 0.048,
the lift force remained approximately constant at di�erent train speeds. The air velocity
pro�les for the train experienced a dimensionless rise with increase in the value of ground
clearance, except for the front part of the train. This increase was precisely apparent at
a speed of 350 km/h and resulted in a 29% increase in the air velocity along the sections
below the train. This rise in speed may disrupt the balance of passengers and pedestrians
as well as workers around the train.

© 2023 Sharif University of Technology. All rights reserved.

1. Introduction

One of the imperative design items for a train is the
aerodynamic force exerted on the train body due to
the change of 
ow lines. The 
ow around a train would
generally undergo a large-scale separation, resulting in
large aerodynamic forces and much instability [1{4]. In
the prevailing era, several designers and developers in
this industry are focused on simulating and creating an
optimal design to deal with aerodynamic 
ows. Due to
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the complicated geometry and the existence of turbu-
lent 
ow structures at di�erent dimensions, the 
ow
around the train is characterized by much complexity,
including high curvature of the 
ow near the wall,
non-isotropic turbulent 
ow, and velocity and pressure

uctuations in air collision with the car wall [5{8].
This makes numerical simulation challenging with most
of turbulence models. Numerous numerical studies
have been performed in this �eld. In [9], the Large
Eddy Simulation (LES) method was used to simulate
reverse wind 
ow facing a simple high-speed train
model, considering di�erent pro�les of train heads at
a Reynolds number of 3 � 105. In this 3D analysis,
the e�ects of changes in train head shapes on some
aerodynamic parameters such as drag and lift forces



S. Norouzi et al./Scientia Iranica, Transactions B: Mechanical Engineering 30 (2023) 428{441 429

and the �eld of pressure and speed were investigated.
In [10], the experimental and numerical methods were
employed to simulate and analyze the vortex 
ow and
the boundary layer around the head and end of a high-
speed train.

In [11], the LES method was applied to simu-
late the air 
ow passing through a stationary cargo
train. In this study, in order to analyze aerodynamic
performance, a 1:20 ratio model of a high-speed train
with two wagons and a Reynolds number of 2 � 105

was simulated. Transverse loads on wagons, drag, and
lift forces were the most important �ndings of this
research. Yang et al. [9] employed the LES method
to simulate the air pressure around a high-speed train.
In this investigation, a simpli�ed model of a high-
speed train with �ve wagons with a ratio of 1:20 was
considered, and the vortex 
ow, boundary layer, and
air velocity around the train were analyzed as the most
substantial parameters.

Johnson et al. [12] deployed a PIV laboratory
method in a water towing tank to evaluate the 
ow
velocity pro�le under the train in three modes with
cavities and bogies on the train 
oor and without them
for a 1:50 scale high-speed general train model. In
their study, the Reynolds number for the train was
considered 0:24 � 106. In [13], authors compared the
numerical method (Reynolds-Averaged Navier-Stokes
(RANS)) with laboratory results considering a wind
tunnel on the pressure exerted on a high-speed train. Li
et al. [14] examined the 
ying ballast phenomenon for
a high-speed train with real dimensions at 350 km/h.
Their study aimed to analyze the e�ects of the ballast
height, stone shape in the upper layer of the ballast,
and the ballast bed compaction on the problem. In [15],
the numerical method Fast Fluid Dynamics (FFD)
was utilized to assess the performance of aerodynamic
characteristics and their optimization, including drag
and lift forces on a high-speed train. Air 
ow in this
study was considered three-dimensional, incompress-
ible, stable, and viscous. In [16], the aerodynamic
performance of a high-speed train was simulated and
analyzed using Detached Eddy Simulation (DES) of
the computational 
uid dynamics and 
uent software.
They investigated the e�ects of both stationary and
moving grounds in their numerical setup. They con-
cluded that the total drag of the train was higher under
moving ground conditions than that under stationary
ground conditions.

Niu et al. [17] evaluated the Unsteady Reynolds-
Averaged Navier-Stokes (URANS), Scale-Adaptive
Simulation (SAS), and DES turbulence models to sim-
ulate the 
ow around the Inter-City-Express 3 (ICE3)
high-speed train and investigated the performance of
each of these methods and their di�erences. They
concluded that the computational cost of SAS and DES
models was 10 to 20 times greater than that of the

URANS method. Nonetheless, the mentioned authors
demonstrated that the unsteady k � ! SST model
had a remarkable ability to estimate the aerodynamic
coe�cients of lift and drag. Hence, they suggested that
this method be utilized rather than costly ones in those
studies that focus on lift and drag coe�cients. In [18], a
comparison between stationary and moving trains with
and without a windbreak wall under the cross-wind
e�ect was made using numerical simulations. In the
above survey, they examined the pressure distribution
as well as the speed and forces applied on the high-
speed train. Another study [19] numerically analyzed
the aerodynamic characteristics of high-speed trains
with di�erent nose lengths. They assessed the e�ect
of the train nose length on the drag and lift forces
applied to the tail vehicle. They revealed that the
lift force of the head car was stronger than the e�ect
on other cars, and when the length of the train nose
increased, the Cd value of the tail car was reduced by
30.53% and the Cl value of the head car increased by
87.98%.

In [20], cross-wind 
ows on high-speed trains
in two-track rails with porous protection were an-
alyzed. The simulation method utilized was the
Lattice-Boltzmann method. In [21], numerical and
experimental methods were applied to assess the co-
e�cients of aerodynamic forces of rail vehicles on a
hill with a speci�c geometry. Despite a somewhat
considerable number of experimental and numerical
studies performed on aerodynamic forces on high-
speed trains, few studies have been conducted to
determine and assess the distance from the train's

oor to the ground (ground clearance). Researchers
in [22,23] attempted to determine the e�ect of ground
clearance on aerodynamic forces. In the mentioned
study, given the application of the Improved Delayed
Detached Eddy Simulation (IDDES) method and its
high computational cost, the speed of a high-speed
train was considered 50 km/h. However, the e�ect of
di�erent train speeds on aerodynamic forces has not
been completely investigated in their study.

The present survey investigates the e�ect of the
ground clearance and speed of the train in the sim-
pli�ed ICE3 high-speed train model on aerodynamic
coe�cients. Meanwhile, it is notable that this type of
train is currently used in various parts of Europe and
China. Given the fact that the speed of ICE 3 high-
speed trains ranges from 200 to 350 km/h, �ve speeds
of 50, 150, 200, 250, and 350 km/h, and four ground
clearances of 0.048, 0.092, 0.136, and 0.22 are taken
into consideration in this study.

2. Method

2.1. Turbulence modeling
RANS are typical models of turbulence problems. In
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Figure 1. Trimetric views, front and side of the ICE3 express train.

this model, variables are discretized into two sections
of 
uctuating and mean components. Adding variables
to Navier-Stokes equations and averaging them will
generate averaged Navier-Stokes equations.

By keeping time derivative terms of the velocity
constant, we will have the equation containing an
ensemble of turbulent 
ow states of unsteady RANS
model. Mean velocity and pressure are represented as
follows [24,25]:
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where �ij = �ul �uj is the Reynolds stress tensor, which
cannot be determined in terms of mean 
ow variables.
However, some turbulent 
ow models have been devel-
oped to predict it better. Most of these models use
more equations for estimating Reynolds stress in terms
of mean 
ow gradient by changing turbulent viscosity,
according to local turbulent time, velocity, and length
scales. Some auxiliary equations of kinetic energy per
unit mass (k) and equation of turbulent dissipation (")
must be solved coupled with these equations. However,
to the best of the authors' knowledge, it is possible
that the k � ! SST shear stress transfer model be
used to match the turbulence model with the desired
geometry and conditions. This model exhibited good
performance in dealing with similar problems of surface
pressure analysis on high-speed trains [26,27]. Classical
k � " model has better performance in predicting free

ow out of the boundary layer, while classical k � ! is
known as the best for predicting 
ow behavior near the
wall and boundary layer. To bene�t the accuracy and
reliability of both, we must synthesize k�" and classical
k � ! models. The answer comes in the form of k � !
SST. This model is one of the best URANS models
that predicts large-scale separation phenomenon and
it is the recommended model of wake 
ow capture in
high-speed trains [28].

2.2. Train geometry
Previous works [3,29{32] presented the model of train

and its geometry (see, Figure 1). In this study, a
simpli�ed 1:10 model of the Bahn ICE3 high-speed
train is used, which includes four cabins whose length
(L), width (W), and height (H) are equal to 10.14,
29, and 0.36 m, respectively. Recent studies on high-
speed trains have found that the e�ect of wheels on
aerodynamic forces can be ignored [33,34]. In this
research, four dimensionless distances of train 
oor
to the ground, (h/H) of 0.22, 0.136, 0.092, 0.048,
have been considered to evaluate the impact of ground
clearance on aerodynamic forces.

2.3. Computational domain and boundary
conditions

The computational domain considered is a rectangular
space with the following dimensions: 97 W length,
20 W height, and 40 W width. It is considered wide
enough to ensure that boundary conditions would not
a�ect the 
ow structures around the train. Figure 2
shows the geometry and boundary conditions of the
solution domain.

The upper boundary and the lateral boundaries
are considered symmetric [35]. To simulate the relative
velocity between the train and the ground, the ground
boundary condition is considered as a wall with a
velocity of free 
ow (moving ground and �xed train
condition). The front nose position of the train is lo-
cated at a distance of 10 W from the entrance boundary
of the domain, as illustrated in Figure 2. The boundary
condition at the output is set as constant zero static
pressure. The distance from the end of the train to the
output border is 52 W, which is intended to investigate
the vortex structures behind the train and ignore the
e�ect of the pressure boundary condition at the output.

The input boundary condition is uniform velocity
throughout the entrance surface. The characteris-
tic length (train height) 0.294 m, air density (�)
1.184 kg/m3, and viscosity 1:855 � 10�5 kg/ms are
considered in all cases. The turbulence intensity of 1%
was assumed at the inlet to simulate the free stream
condition with low turbulence inside the experimental
wind tunnel setup. These speci�cations are mainly
intended for con�rmation in accordance with previous
experimental data.
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Figure 2. Solution domain and boundary conditions.

2.4. Meshing strategy
The domain mesh is generated using a predominately
Cartesian cut-cell approach. This approach generates a
higher mesh concentration near the body and wake re-
gion for a more detailed prediction and lowers smoothly
as it goes away from the body and ground level. The
computational mesh has been generated using GridPro
software and imported into OpenFOAM open-source
code. Due to the large gradients in the two areas next
to the train and the ground clearance, these areas have
been subdivided using two separate blocks.

The use of a micro mesh requires the application
of an advanced computing system, and it will certainly
be costly. To study the independency of the solution
from the network, a variable like speed, pressure, or
drag coe�cient should be chosen �rst and studied in
di�erent networks in order to achieve optimal result
with the minimum number of networks. In other words,
in the �rst step, the simulation is done with a relatively
light network and the desired variables are extracted.
Considering that the objective is to choose the most
optimal size for gridding, the number of grids should
be determined to obtain simulation results so that the
computational cost would not increase.

The cells have grown in a proportion less than
0.1 from the train's surface to the outermost regions.
Given the use of unsteady URANS turbulence models
as well as the wall function near solid boundaries in
this section, the cells near the buckets are arranged
such that y+ value be considered around 30 to 100 in
di�erent areas, especially in the area of the train tip,
which is a stagnation point. Figure 3 shows the grid
on the surface and near the ground.

In this simulation, three di�erent re�ned grids,
i.e., coarse, medium, and �ne, are assessed, focusing on
keeping similar compression factors between meshes.
These three grids are considered to achieve better
and higher accuracy and they represent the above-
mentioned critical regions of grid independency.

To consider all the main 
ow features, the dimen-
sions of re�nement regions were evaluated according to
preliminary simulations.

Figure 3. Surface meshing system.

3. Results

The numerical solver utilized in the current paper is
the open-source code OpenFOAM 7.0. In order to
study velocity and pressure and determine the vortices
and turbulences around and behind the train, more
precisely, the unsteady URANS k � ! SST model is
employed. Time step is considered so that the CFL
number can be less than 0.9. In this way, the time
step in each step is calculated, which is estimated to
be approximately equal to �t = 10�4 s for most time
steps. Therefore, wall-functions based on the k�! SST
implemented in OpenFOAM were utilized to model
the near-wall behavior of turbulence. Simulations
were carried out for all cases using the incompressible,
transient PimpleFOAM solver.

3.1. Validation
The approximate time for convergence in each time
step for the second computing mesh is about 50 to 90 s
for each processor with a processing power of 3.7 MHz.
Given that unsteady URANS models are used in this
simulation, we need to ensure a su�cient solution time
to accurately estimate average 
ow variables such as
average velocity �eld and pressure. Otherwise, the
average 
ow �elds may not be estimated correctly. For
this purpose, Figure 4 shows the value of the total drag
coe�cient on the whole train from zero to 8 seconds. As
can be seen, 5 s is su�cient to achieve the convergence
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Figure 4. Total drag coe�cient on the train from the
beginning of the solution up to 7 s.

of the average 
ow quantities. All average quantities
in this paper are reported from 5 to 15 s to ensure the
accuracy of the averaging operation. It was observed
that averaging in time periods longer than 15 s would
not make a considerable di�erence in the results of the
velocity and pressure �elds.

In order to investigate the solution independence
from the computational grid, 3 di�erent computational

grid sizes were used for the unsteady k�! SST model.
The meshing strategy described is the same for all the
three grids, but the number of computational cells is
4 million, 6.2 million, and 9 million cells for Grid 1,
Grid 2, and Grid 3, respectively. Figure 5(a) shows the
horizontal velocity pro�le at a distance below the train
to the ground at x = 0:08 m, and Figure 5(b) shows the
vertical velocity of the air 
ow in the area behind the
train at x = 10 m. These speed pro�les are drawn at a
train speed of 250 km/h as well as the ground distance
from the train 
oor equal to h1. For the rest of the
cases, the solution grid independence was examined.

According to Figure 5, the results of the average
horizontal and vertical velocities for the medium and
�ne grids are signi�cantly close to each other at
di�erent sections; therefore, it can be concluded that
further thinning of the grid will not a�ect the solution.

As illustrated in Figure 6, the friction component
of the drag coe�cient calculated by the coarse mesh
is 45% less than the drag coe�cient in the �ne mesh,
whereas the di�erence between the medium and �ne
meshes is less than 4%. Furthermore, for the pressure
component of the lift coe�cient, the di�erence between
coarse and �ne meshes is about 30% and for medium
and �ne meshes, it is roughly 5%. Considering all the
comparisons mentioned above and other comparisons

Figure 5. E�ect of mesh grid cell number on velocity pro�le along various sections: (a) Horizontal velocity below the
train at x = 0:08 ml and (b) vertical velocity behind the train at x = 10 m.

Figure 6. Comparison of friction and pressure components of lift coe�cient determined by di�erent networks.
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Figure 7. Comparison of pressure coe�cient of the
present work with laboratory data [33] and numerical
simulation by IDDES method [3].

made for all speeds (not presented here for the sake of
brevity), most of the simulations in this paper utilize a
6.2 M cell mesh.

Figure 7 shows the comparison of the simulation
pressure coe�cient of the present work with the ex-
perimental data obtained in [33] and the numerical
simulation in [3].

Dong et al. [3] studied the geometry of ICE3 and
used the LES and RANS hybrid turbulence methods
with the help of the IDDES (combination of DDES
model and the LES wall model). Using nearly 29
million computational cells accompanied by a huge
computational cost, researchers in [3] managed to study
the 
ow around the train as well as the forces on
the train. In [36], the wind tunnel was used to
study the underbody velocity pro�le of the ICE3 train
irrespective of the e�ect of lateral winds. However, in
their study, the Reynolds number is considered 1:65�
106, which is somewhat di�erent from the Reynolds
number used in this study. Therefore, experimental
data are slightly di�erent from the simulations of the
present study and those in [3]. However, the pressure
coe�cient for the train is qualitatively consistent with
the laboratory results.

3.2. Aerodynamics coe�cients
Figure 8 illustrates the friction and pressure compo-
nents of the drag (Figure 8(a)) and lift (Figure 8(b))
aerodynamic coe�cients for di�erent train speeds and
four di�erent ground clearances. In all the diagrams
related to drag coe�cients, it can be easily observed
that the contribution of the friction component to the
pressure component is multiplied because of the aero-
dynamic shapes of the train head and the high train
length. As observed in the lift coe�cient diagrams at
all ground clearances, the drag coe�cients decrease as
the train speed rises. This reduction functions in such
a way that the deceleration becomes more signi�cant
at lower speeds (50 and 150 km/h), and as we move
towards higher speeds, this deceleration reduces as the

drag coe�cient decreases. In this way, particularly
at short ground clearances (h2 and h3), the values of
drag coe�cients remain constant. Thus, the speed of
250 km/h can be considered critical to keeping the drag
coe�cient constant, given the curvature of the graph
and, also, a di�erence of less than 5% in the total drag
coe�cient at the last two speeds.

Another striking point is that at a speed of
50 km/h and a distance of h0, the maximum amount
of drag equal to 0.421 occurs in all the cases. As the
ground clearance decreases at this speed, Cd gradually
decreases to 0.385 at time h3, which is equivalent to a
reduction of 8.6%. However, at high speeds, the e�ect
of ground clearance on the drag coe�cient is highly
inconsequential. For instance, at a speed of 350 km/h
and in the case of h0, the value of Cd is 0.267; in the
case of h3, its value is equal to 0.262, indicating a slight
1.8% variation. The reason for the above matter is
illustrated in Figure 9(a), in which the e�ect of pressure
and frictional forces on the drag coe�cient at di�erent
ground clearances remains nearly constant.

The ratio of di�erent components of the lift
coe�cient is quite the opposite of that of the drag
coe�cient (Figure 8(b)). As clearly shown in Figure 8,
frictional forces generate a force on the positive vertical
axis (positive lift coe�cient), thus deteriorating the
train stability. In contrast, the pressure components
of the lift forces, which are several times greater than
the frictional component, exert a downward force that
enhances the train stability.

We managed to derive an important point from
investigating the e�ect of the train's ground clearance
on its stability. As shown in Figures 8, at short
distances (h2 and h3), as the train speed increases, the
lift coe�cient gradually rises, and this rise continues
up to 250 km/h. Next, as the 
ow velocity under
the train increases at distances h2 and h3 and the
pressure below the train decreases, the vertical forces
in the opposite direction of the vertical axis (towards
the ground) are intensi�ed. Consequently, the lift force
becomes more negative, thus facilitating the stability of
the train on the move. Thus, increasing the train speed
up to 350 km/h at these two distances will not raise the
instability of the train. Nevertheless, according to the
lift coe�cient diagrams in the two cases of h1 and h0, it
is observed that the lift force rises if the train speeds up.
However, in the case of h1, the lift coe�cient appears
to remain around �0:04, while in the case of h0, as the
speed increases, a signi�cant increase in the magnitude
of vertical forces can be seen in the upward direction,
such that at a speed of 350 km/h, Cl reaches �0:003.
Therefore, given the shape of the curve and the value of
Cl (Figure 8(b)), it seems not to be in the stable range.
This issue can be quite hazardous when the wind blows
or passes through di�erent tunnels. Besides the points
mentioned above, based on the comparison of the lift



434 S. Norouzi et al./Scientia Iranica, Transactions B: Mechanical Engineering 30 (2023) 428{441

Figure 8. Friction and pressure components of (a) (left column) drag coe�cients and (b) lift (right column) for ground
clearance and di�erent train velocities.

Figure 9. (a) The ratio of the friction component to the pressure component of the drag coe�cient and (b) the ratio of
the pressure component to the friction coe�cient of the lift coe�cient at di�erent velocities and ground clearances.
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coe�cients at di�erent distances (Figure 8(b)), it is
inferred that as the ground clearance rises, the total
lift coe�cient decreases gradually. For example, at a
speed of 50 km/h for the distance h3 (as the minimum
ground clearance), Cl is equal to�0:08, and for the case
h0, it is equal to �0:0154. Moreover, at 350 km/h, the
Cl coe�cient for h3 and h0 bags is �0:058 and �0:003,
respectively.

In general, from the previously mentioned issues,
it can be concluded that at a distance of h0, the drag
coe�cient does not di�er much from other cases (maxi-
mum 8.6%). However, by examining the lift coe�cient,
it becomes apparent that the train gradually loses its
stability with increase in its speed, which crosses o� the
use of this distance as an option. The reason can be
attributed to the high air 
ow rate (compared to h2 and
h3) under the train, which generates a powerful upward
lift force. In the h1 case, the total lift coe�cient is
quite desirable at low speeds and the vertical forces are
completely downward. However, upon increasing the
speed to 250 km/h, the vertical upward forces increase
signi�cantly and the lift coe�cient decreases to �0:04.
Therefore, the application of this distance to a train
with high speeds, especially in the presence of cross
winds and tunnels as well as other lower and upper
parts of the train, necessitates further investigation.
The h2 and h3 cases present a reliable lift coe�cient
for a train at all speed rates such that it would not
experience any instability as the speed rises in the given
range.

Figure 9(a) shows the ratio of the friction compo-
nent to the pressure component of the drag coe�cient,
and Figure 9(b) illustrates the ratio of the pressure
component to the friction of the lift coe�cient at dif-
ferent velocities and ground clearances. As illustrated
in Figure 9(a), the ratio of pressure to frictional forces
increases slightly with the reduction of the ground
clearance (at most speed rates). Nevertheless, not
all ratios at di�erent distances and speeds change
drastically and almost remain in the range of 4.5 to
5.7 times. Perhaps, since the drag coe�cient is highly
a�ected by the frictional forces on the train body,
the speed and ground clearance will not signi�cantly
a�ect the drag coe�cient. Undoubtedly, the length
and area of the body will have a greater e�ect on the
frictional forces and, consequently, the drag coe�cient.
Figure 9(b) shows the ratio of the pressure component
to the friction of the lift coe�cient at di�erent speeds
and ground clearances. As presented in Figure 9,
frictional forces slightly a�ect the lift coe�cient as
opposed to pressure forces. As the ground clearance
rises, the 
ow velocity pro�le under the train 
attens
and its di�user e�ect decreases (Figure 10); thus, the
pressure on the train decreases to a lower degree.
Hence, the e�ect of the di�erence in pressure forces
on the top and bottom of the train is reduced and,

therefore, the e�ect of the pressure component of the
lift coe�cient decreases. As the ground clearance
decreases (in cases h1 and h2), the ratio of pressure
to friction forces 
uctuates in the range of 19 to 32,
depending on the 
ow velocity. This is how high and
low pressure di�erences for the train rule over the
viscous forces at di�erent speeds. In the case of h3, at
di�erent speeds, this ratio is nearly constant ranging
between 34 and 41, implying the complete dominance
of the pressure forces applied to the train over the
frictional forces.

3.3. Velocity pro�les under the train
Figure 10 illustrates the dimensionless horizontal veloc-
ity pro�le by the train speed in terms of ground clear-
ance, which is non-dimensioned utilizing the height h0
for all ground clearances. It presents for three train
speeds 50, 250, and 350 in 3 speci�ed cross-sections
(1 (left column), 4 (middle column), and 6 (right
column)). This �gure presents only three velocities for
the sake of brevity and, also, given the high similarity
between the dimensionless velocity pro�les at various
speeds. Section 1 is located just below the front panel
of the train. The collision between the air 
ow and
this panel causes the 
ow to return to this area due to
the negative 
ow velocity. In section 1, the negative
dimensionless velocity at di�erent ground clearances is
nearly 0.2 (Figure 10, left column).

Another point to consider in the case of section 1
is that as the ground clearance decreases, the train
speed increases. Increasing the speed of the train in
this area reduces the pressure on the train. As a result,
the resulting pressure forces increase in the vertical
direction downwards and this e�ect on increasing the
lift coe�cient downwards due to the reduction of the
distance is observed in Figure 10. By passing through
the front panel of the train, the velocity pro�le becomes
irreversible, and as can be seen in sections 4 and 6, with
an increase in the ground clearance, the dimensionless
horizontal velocity pro�le becomes irreversible and
gradually more expansive.

Figure 11 illustrates the dimensionless velocity
pro�le of the 
ow under the train for cases h0 to h4
at di�erent velocities and in 6 di�erent sections. The
di�erence between this �gure and Figure 10 lies in
their non-dimensionalization ways. In Figure 10, all
ground clearance heights are made dimensionless using
h0, while in Figure 11, non-dimensionalization is made
by their own clearance height.

As shown in Figure 11, sections 1, 2, and 3 are
related to the head of the train as section 1 is located
under the front panel of the train. In the �rst three
sections, the dimensionless speed pro�les are very sim-
ilar at di�erent speeds. The most signi�cant di�erence
in these pro�les is related to the speed of 350 km/h,
at which the maximum speed is reported to be slightly
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Figure 10. Non-dimensional horizontal 
ow velocity pro�le under the train in sections 1 (left column), 4 (middle column),
and 6 (right column) and at speeds (a) 50 km/h, (b) 200 km/h, and (c) 350 km/h.

higher than other speeds in all cases. Another striking
point that can be observed in the velocity pro�les is
that as the ground clearance decreases at all speeds, the
maximum speed rises and the location of this maximum
speed tends toward the ground. For example, the
maximum values of dimensionless velocity in section 2
increase from 1.2 in case h0 to more than 1.4 in case h3.
Another notable point is that in sections 1 and 2, which
correspond to the front panel of the train, a negative
velocity, which indicates 
ow reversal, occurs due to
the e�ect of the panel. As shown in section 2, as the
ground clearance decreases, the value of the negative
dimensionless velocity decreases from �0:23 in the case
h0 to �0:11 in case h3.

In the middle of the train (section 4), the variation
in dimensionless velocities increases with increasing
velocity, especially in the ground clearance. In the case
of h0, the average dimensionless speed passing under

the train is 50 km/h compared to the train speed,
and for speeds of 150, 200, 250, and 350 km/h, it
is 4%, 4.4%, 5.5%, and 12% higher, respectively. In
the case of h3, the maximum di�erence in the average
dimensionless speeds, i.e., between the two speeds of
50 and 350 km/h, is 4.3%.

Along the ending part of the train (sections 5
and 6), the di�erence in speed pro�les at di�erent
train speeds gradually increases. This is particularly
evident in the cases of h0 and h1. At the end of the
train (section 6) at a speed of 350 km/h, the average
dimensionless speed passing under the train in cases h0,
h1, h2, and h3 is 29%, 25%, 24%, and 13% higher than
the train speed of 50 km/h, respectively. Increasing the
induced speed under the train can upset the balance
of pedestrians and railway workers around the tracks.
Plus, Ma et al. [36] found that increasing the 
ow
speed under the train would expand the percentage
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Figure 11. Non-dimensional horizontal 
ow velocity (u=uin) pro�le under the train in all cases versus non-dimensional
ground clearance height (h=hi).

of passengers who get on or o� the train. Based
on Figure 10, with an increase in the train speed to
350 km/h, the maximum speed increases from 8 to 29%
in all sections.

Figure 12 reveals the air mass 
ow rate ratio at

the beginning of the train (section 3) to the transient
mass 
ow rate at the end of the train (section 5)
_m5
_m3

. Reducing the ground clearance a�ects the 
ow
velocity pro�le under the train and the air 
ow around
the train. This lower ratio indicates that a higher
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Figure 12. Schematic image of the side 
ow of the 
ow under the train in ( _m5
_m3

).

Figure 13. Shear stress and time-averaged trace lines in the front area of the train 
oor.

percentage of air under the train is inclined to both
sides of the train and exits on both sides, as shown
in Figure 12. Two signi�cant reasons for this are the
reduction of the cross-section of the passing air and
the speed reduction at shorter distances. The only
exceptions for this section are for speeds of 50 km/h
and case h3, where the 
ow rate has increased by 3%.
In [3], similar results were obtained. Figure 12 shows
that as the train speed increased, this speed ratio �rstly
increased. For example, at h0 for 50 km/h, this ratio
is 0.68. At 250 km/h, this ratio is 0.91, implying that
a small percentage of the air under the train inclines
to both sides. Therefore, less side 
ow is generated.
This can be attributed to the air being drawn around

the train to the mainline of the 
ow below the train at
higher speeds.

The results reveal that although the most negative
lift force is at h3, the maximum air 
ow velocity under
the train increases substantially compared to other
distances. Former relevant studies have demonstrated
that this increase in speed can upset the balance of
passengers as well as pedestrians and workers around
the train. Therefore, it seems that the distance h3
is also problematic in this regard. Hence, the best
distance seems to be h2 considering all conditions (For
further research, it is necessary to consider the cross-
wind e�ects and more precise geometry.)

Figure 13 displays the shear stress contour gener-
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ated on the train 
oor and time-averaged trace lines
in the train head area for di�erent cases. In front
of the train, there is a separation zone caused by
the panel installed in the front of the train. As
the ground clearance decreases, the length of this
bubble-like region relative to case h0 decreases by 32%
and 58%, respectively, which are named l2 and l3 in
Figure 13, respectively. Given this separation bubble,
the maximum dimensionless velocity increases below
this area (Figure 11).

Figure 13 indicates that as the train speed in-
creases, the length of the separation zone does not
undergo signi�cant changes, and this zone is a�ected
the most by the ground clearance. However, as the
train speed rises, the shear stress induced on the train

oor increases.

One of the substantial ratios considered in the
study of air 
ow around the train is the amount of air
that deviates from that under the train to both sides
of the train. By examining the mass 
ow of air in the
two initial and �nal sections of the train and obtaining
their ratio, it is determined how much air has come out
from beneath the train to both sides. As can be seen
in the �gures, in this regard, longer distances (h0) have
the highest value, i.e., the 
ow rates of sections 5 and 3
are closer to each other. In other words, it has the least
amount of exhaust air from around the train. However,
as shown in Figure 13, at speeds above 250 km/h, the
air outlet at h2 is approximately 15% higher than that
at h0.

Based on examining the shear stress and the
separation bubble zone under the train, it is concluded
that reducing the ground clearance decreases the size
of this bubble zone. Moreover, it is observed that
with increasing speed, the size of this separation zone
is not a�ected much, although the amount of shear
stress increases signi�cantly, which should be taken into
account in determining the alloy utilized (in terms of
strength) in the nose area of the train.

4. Conclusion

In this research, the e�ect of high-speed train speed and
train ground clearance at �ve train speeds of 50, 150,
200, 250, and 350 km/h and, also, ground clearances
of 0.048, 0.092, 0.136, and 0.22 for the train's height
was numerically simulated utilizing the Unsteady k�!
SST turbulence model. The comparison of the results
acquired by the Unsteady Reynolds-Averaged Navier-
Stokes (URANS) method with laboratory results and
those of high-order methods indicated that the k � !
SST model exhibited viable performance in predicting
lift and drag forces. The train under consideration
in this paper was the Inter-City-Express 3 (ICE3)
train. In this paper, to assess the stability and
make a balance between trains and passengers, the

aerodynamic coe�cients of lift and drag as well as air

ow velocity pro�les under the train were investigated.

Based on the examinations conducted and com-
parison made at di�erent speeds, it was inferred that
at all distances, regarding drag forces, the speed of
250 km/h could be considered critical to keeping the
drag coe�cient constant, considering the curvature of
the graph and since the di�erence in the total drag
coe�cient at the last two speeds is less than 5%. It
appears that in terms of lift forces, the distance h1
is a limit distance. This implies that no matter how
much the train speed increases up to this distance,
the negative lift coe�cient does not undergo tangible
changes. Having said that, as this distance expands
further, by increasing the speed (or, possibly, the e�ect
of cross-wind or crossing the tunnel), the lift coe�cients
will rise and can cause the train to lift o� the rails. This
information can help determine the train speed range
in a range of ground clearances.

It was discovered that with an increase in velocity
at di�erent distances, the contribution of pressure
and friction components in the drag coe�cient did
not change signi�cantly. In contrast, by reducing
the ground clearance at di�erent speeds, the ratio of
frictional forces to pressure forces increased up to 4.5
times. The pro�le of air 
ow velocities under the train
indicated an increase in the dimensionless speed as the
ground clearance rose at di�erent speeds, except in the
front area of the train. This increase was speci�cally
seen at a speed of 350 km/h and led to a 29% increase
in the mentioned velocity along the sections under the
train. This increase in speed could upset the balance of
passengers and pedestrians as well as workers around
the train.
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