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Abstract

The airflow around a simplified train model is investigated using a three-dimensional γ− R̃eθt transi-
tional approach. Four different yaw angles (θ = 10◦, 20◦, 30◦, and 40◦) perpendicular to the body of
the simplified train model are considered which the magnitude of front air-flow is constant, and the
magnitude of crosswind determines by yaw angle. The main aim of the research is to investigate the
influences of the yaw angle and roughness on the time-averaged flow structure, turbulent quantities
such as turbulent kinetic energy, dissipation rate, and the aerodynamic forces such as skin friction
and pressure coefficients. The findings show that the yaw angle has a pronounced influence on the
three-dimensional flow structure around the high-speed train. As the yaw angle augments, the aero-
dynamic forces like skin friction and pressure coefficients increase. Furthermore, the roughness has a
negligible effect on the pressure coefficient. Also, the skin friction coefficient locally increases in the
rough train body.

Keywords: High-speed train, Crosswind effects, Yaw angle, Surface roughness, γ − R̃eθt
transitional model.

1. Introduction

In recent years, many investigations have been performed around train aerodynamic, which shows
a significant trend toward high-speed trains. Recent publications can conclude it carried out by
Catanzaro et al. [1], Hemida and Krajnović [2], Baker et al. [3], Fragner et al. [4], Garćıa [5], Baker
[6], Diasinos et al. [7], Paz et al. [8], Li et al. [9], Xia et al. [10]. One of the primary analyses
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in the design process, which must be performed is the crosswind effects to improve the safety and
efficiency of high-speed trains. As such, the aerodynamic design and optimization must be considered
comprehensively due to increased stability and security, reducing energy consumption, acoustic noise,
and improving operational convenience and comfort.

The crosswind plays an essential role in imposing aerodynamic force on high-speed trains during
cruising in strong crosswinds. The analysis of crosswind effects in the designing process of the high-
speed trains is so essential to improve the rollover stability and prevent the high risk of derailment or
overturning because this kind of train is characterized by lightweight, which makes the aerodynamic
forces considerable. In this context, many research types have been carried out to study different
parameters of the high-speed trains subjected to strong crosswinds. It is worth to mention that the
investigations have consisted of experimental works such as Copley [11], Chiu and Squire [12], Chiu
[13], Hoppmann et al. [14], Suzuki et al. [15], and Baker et al. [3] are the researchers who carried
out some experimental works on crosswind influences and computational analysis like Diedrichs [16],
Hemida et al. [17], Khier et al. [18]. Kheir et al. [18] analyzed the high Reynolds number fluid
flow over a simplified train. Garćıa et al. [19] numerically investigated the aerodynamic specification
of a full-scale high-speed train subjected to crosswind. They characterized the fluid flow using the
Large Eddy Simulation (LES) Method with commercial code ANSYS-Fluent. The influences of
smooth and rough surfaces on different governing parameters such as flow structure and pressure
coefficient are presented. Furthermore, the synthetic crosswind is defined using Turbsim software
and based on the Kaimal spectrum. They compared the experimental and numerical findings of a
fixed small-scale model. It is observed that the aerodynamic forces are higher for the train with a
rough surface than a smooth one. Also, compared to rough and smooth walls, the suction peaks
increase as the distance from the nose tip increases. It should be noted that other flow visualizations
such as instantaneous flow structure and streamlines have similar reaction along the high-speed train
body. Zhuang and Lu [20] investigated the aerodynamic of a high-speed train under the condition of
crosswinds. They analyzed the instantaneous and time-averaged flow structure, turbulent statistics,
and aerodynamic coefficient under the influence of crosswinds with different yaw angles using the
LES model. The spectral analysis showed that several energetic frequencies dominate the time-
averaged aerodynamic forces. Hemida and Krajnović [2] investigated both the time-averaged and
instantaneous flows around a simplified generic train model. They used LES and considered two
various yaw angles and Reynolds numbers of 35◦, 90◦, and 3× 105, 3.7× 105. Their primary purpose
was to analyze the effects of yaw angles and the nose shape of the train on the flow structure and
its aerodynamics coefficients. They concluded that the three-dimensional flow from the train’s nose
has an impact on a region of a length of 3.5 train height from the tip. Baker et al. [3] measured
the crosswind forces on trains experimentally. They obtained full-scale and wind tunnel experiments
to analyze the time-averaged and unsteady forces and moments on trains. They concluded that the
importance of simulating local roughness effects within the tunnel experiments compared the results
of full scale and wind tunnel. Also, it was indicated that the quasi-steady effects must be considered
in calculating force and moments of aerodynamic admittances. In another investigation, Baker [21]
reviewed different work that analyzed the aerodynamic of high-speed trains in recent years. It was
attempted to describe to nature of the flow field in fundamental terms and the fact that the primary
cause of aerodynamic forces is the existence of flow filed. Different types of models from full scales to
small scales that are tested in the wind tunnels and computational types of literature are gathered
to draw a comprehensive view of the flow structure around high-speed trains.

Now, there are three fundamental significances applied to the transition model in the application.
The first is the usage of low-Reynolds number turbulence approaches. The capability of low-Re
turbulence approaches to predict transition seems coincidental. Moreover, that’s because the cali-
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bration of the damping functions is according to reproducing the viscous sublayer specification, not
on predicting transition from laminar to turbulent flow. It’s accepted which the usage of turbulence
approaches without any connection to an intermittency relation emerges to be an irresponsible way
of predicting transition. Moreover, low-Re turbulence approaches can be used to bypass transition
and are not appropriate for aerodynamic flows [22].

The second method is the so-called eN approach. It’s according to the local, linear stability
theory and the parallel flow presumption to estimate the increase of the disturbance domain from
the boundary layer neutral point to the transition location. Once the disturbance domain ratio (eN)
exceeds the limiting N factor, transition is supposed to start. The limiting N factor is not known
in the improvement and must be decided by calibration to wind tunnel; therefore, the eN approach
is considered a semi-empirical approach. For isolated airfoils, the eN method has been illustrated
to vintage correct transition predictions compared to wind tunnel mensuration. Although, there
are some powerful obstacles towards using the eN approach to general aerospace uses. The first is
that since the eN method is according to linear stability theory, it cannot predict transition due to
non-linear influences such as high freestream turbulence or surface roughness. Moreover, common
industrial Navier-Stokes solves aren’t careful enough to investigate the stability relations. Then, the
Navier-Stokes solution must be connected to a detailed boundary layer code. Eventually, the need
to track the increase of the disturbance domain ratio due to the streamline findings in a considerable
subject for three-dimensional flows where the streamline direction is not equal with the grid [22].

The third method to predicting the communications always related to the free-stream turbulence
intensity and the local pressure gradient to the transition momentum thickness Reynolds number
transition which is favored by the gas turbine industry, is the usage of actual communications. A
typical example is according to a large number of actual perceptions. Whenever this approach demon-
strates precise enough, it shows programming and numerical discussions in Navier-Stokes data. For
classical communication-based transition approaches, it is needful to compare the real momentum-
thickness Reynolds numbers (Reθ) to the transition amount from the communication (Reθt). The
hardness is connected to non-local equations that are overstated by modern computational fluid
dynamics approaches that are according to unstructured grids and massive parallel execution. Un-
structured grids do not quickly supply the infrastructure required to integrate global boundary layer
parameters because the grid lines normal to the surface can’t be simplify recognized [22].

Ji et al. [23], using a new numerical method, investigated the heat transport effects on a high-
speed train and especially on its brake system. They did a three-dimensional simulation using a
sliding mesh approach to investigate the ventilation and heating of a wheel brake system.

Also, Rashidi et al. [24] Provide a comprehensive review of the most significant numerical and
experimental research conducted on high-speed trains in recent years.

The primary purpose of the present numerical investigation is to simulate the time-averaged
air-flow around the simplified train model. Four different yaw angles and two different types of
surfaces as rough and smooth are considered. The numerical method- γ − R̃eθt transitional model
is used to solve the flow field. Different turbulent parameters such as turbulent kinetic energy
and dissipation rate are depicted graphically. The aerodynamic forces of pressure coefficient and
skin friction coefficient are presented at different cross-sections along the body of the train model
comprehensively. There are some novelties in this work, which can be mentioned as 1) Using γ−R̃eθt
transitional. Some limited works are utilizing this turbulence model in the analysis of air-flow around
high-speed trains. It should be noted that using this model is very useful in the problems to include
laminar, laminar/turbulence transition, and fully turbulence regimes. 2) The influence of different
yaw angles of crosswind on the local and total aerodynamic coefficient is not negligible. One of the
main governing parameters, is analyzed in the present work, is the effect of crosswind yaw angle. 3)
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In the real condition, the surface of the considered geometry is not smooth. In this context, in the
present investigation, the rough surface is applied to the geometry of the supposed high-speed train.
It should be noted that both smooth and rough walls are studied, and the results are compared.

2. Numerical method-γ − R̃eθt transitional model

The main aim of extending the Gamma-Re (γ − Re) transition approach was to extend a transi-
tion approach according to local parameters that could be quickly implemented into current CFD
data with unstructured grids and massive parallel execution. The maximum of earlier transition
approaches, such as the eN approach requires to know the structure of the boundary layer and the
integration due to that; both meanings are challenging to implement in three dimensions due to
various subdivisions of a grid. Another significant insight into the equation of this approach is that
the Reynolds vorticity number can be connected to the Reynolds transition onset number. Hence
there is a local way to estimate the transition location.

The Gamma-Re transition approach has two relations and is according to the two-equation tur-
bulence approaches in the background of turbulence modeling. This method, both global and local
tendencies, can be modeled. The periodic or gamma estimates the percent of the time the flow is
turbulent (0 and 1 for fully laminar and fully turbulent, respectively). The periodic works on the
production term of the turbulent kinetic energy transport relation in the SST approach to simu-
late laminarly and turbulence flows. It is worth mentioning, Gamma-Re transition approach is a
two-equation approach applied in CFD to improve turbulent transport relations to simulate laminar,
laminar-to-turbulent, and turbulence states in a fluid flow. It is beneficial to use this turbulence
approach in the problems contained in both laminar and turbulent structures.

This turbulence model consists of two sets of transport equations, which are as follows:
• Intermittency function (γ):

Dγ

Dt
= Pγ − Eγ +

∂

∂xj

[(
ν +

νT
σf

)
∂γ

∂xj

]
, (2.1)

Where, the intermittency source terms are defined as:

Pγ = Flengthca1S(γFonset)
0.5 (1− ce1γ) ; Eγ = ca2ΩFturb (ce2γ − 1) . (2.2)

The coefficients applied to tune the intermittency equations are:

ca1 = 2.0; ce1 = 1.0; ca2 = 0.06; ce2 = 50.0; σf = 1.0.

• Transition-onset momentum thickness Reynolds number (R̃eθt):

DR̃eθt
Dt

= Pθt −
∂

∂xj

[
σθt (ν + νT )

∂R̃eθt
∂xj

]
, (2.3)

Where, the intermittency source terms are defined as:

Pθt = cθt
Reθt − R̃eθt

t
(1− Fθt) ; t =

500ν

U2
, (2.4)

The details of closure functions and the related constants are discussed in Langtry and Menter [22].
In the present study, some of the fundamental aspects of modeling will be discussed. The function
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Fonset is a ratio between the vorticity Reynolds number and a critical amount of the momentum
thickness Reynolds number Reν/(2.193Reθc). On the other hand, the function Flength controls the
transition region length. The necessary correlations to close this turbulence model can be written as
follows:

Reθt = f (Tu, λθ) ; Reθc = f
(
R̃eθt

)
; Flength = f

(
R̃eθt

)
. (2.5)

As is mentioned above, a transition onset momentum thickness Reynolds number is denoted by the
quantity Reθt. Its expression as a function of the Thwaites parameter λθ and turbulence intensity Tu
which, are given in [22]. This kind of variable is estimated at any arbitrary point of the computational
domain locally. The function is defined as follows:

Fθt = min

[
max

(
Fwakee

−( y
δ )

4

, 1− γ − 1/Ce2

1− 1/Ce2

)
, 1

]
, (2.6)

where;

Fwake = e−(
Reω
105

)
2

; Reω =
ωy2

ν
; δ = 375

R̃eθtνyΩ

U2
. (2.7)

Appearing in the source term of Eq. (2.3). This function is designed to be equal to 1 in the boundary

layer and 0 in the freestream to activate the source term Pθt and force the transported quantity R̃eθt
to have an equal value with the transition onset momentum thickness Reynolds number Reθt.
Let the prediction of pragmatic reattachment locations in separation-induced transition, a correction
for the intermittency factor presented in Eq. (2.8) by defining a ”separation aware” proposed by
Langtry and Menter [22]

γsep = min

{
2max

[
Reν

3.235Reθc
− 1, 0

]
Freattach, 2

}
Fθt, (2.8)

where;

Freattach = exp
[
−(ReT/20)

4] . (2.9)

And effective intermittency could be defined as follows:

γeff = max (γ, γsep) , (2.10)

This function is used by Langtry and Menter [22] in the coupling with the turbulence approach.
Moreover, the role of two new equations must be declared. The Eqs. (2.9) and (2.10) allow the
effective intermittency to be increased above 1 in the regions of transitional separated flow.
To prevent the function Fθt changes to be equal to 1 outside of the boundary layer and the parameter
δ to become very large in the unsteady calculations, the parameter δ can be defined as follow:

δ = 170
R̃eθtν

U
, (2.11)

However, it should be noted that such a modification has a minor influence on the predictions in the
steady transitional problems.
The logarithmic law at the adjacent of the rough wall can be defined as follows:

u

u∗ = 2.5ln
z

ks
+ 8.5 = 2.5ln

z

z0
, (2.12)
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where u∗ represents the friction velocity, z represents the distance to that wall, and ks is the equivalent
roughness. Also, the value of z for u = 0 can be considered as the value of z0 = ks/30. Also, the
value of z0 will be defined by the following expression for the smooth wall:

z0 = 0.113
ν

u∗ , (2.13)

Where ν is the kinematic viscosity of operating fluid (air). The Eq. (2.13) may be modified by using
z0:

u/u∗ = 2.5ln (u∗z/ν) + 5.45. (2.14)

Which is the classical explanation of the logarithmic region of the law of the wall for a smooth
surface.

3. Geometry and boundary conditions

As it was mentioned before, there are some logical reasons to use a simplified small-scale model
instead of a real high-speed train with full-scale. Furthermore, in all researches, the numerical
simulation is critical to be performed besides the experimental investigations. Some of the reasons
are 1) Limited wind tunnel equipment, 2) Limited data in experimental investigations, 3) Limited
computer resources, and 4) Limited experimental and numerical resources to cover all complex details.
Also, it is worth mentioning that Baker et al. [6] carried out some experiments on the full-scale train
at a coastal site. The main purpose of these experimental works was to identify the characteristics
of flow around a full-scale train and measure the time-averaged and instantaneous coefficients. They
concluded that the obtained results from a small-scale model (1/30 scale model) in the wind tunnel
with the results of the full-scale model are in close agreement. Also, there are some deviations
in the vertical component of aerodynamic forces, such as lift force caused by the local roughness
variations in the proximity to the wind tunnel models affecting underbody flow. It can be concluded
that the results of a wind tunnel test are reliable enough to use in engineering design or numerical
validation. In the present study, the simplified model of a high-speed train used by Chiu and Squire
[12] investigates the effect of nose shape on the flow structure. The equation related to the cross-
sectional profile of the simplified train model is as follows:

|y|n + |z|n = cn, (3.1)

Where the value of constant and power are as follow:

c = D/2 = 62.5 mm, n = 5. (3.2)

The schematic of the considered geometry is resented in Fig. 1. The train body has a cylindrical
form with a height, and length of D = 125 mm and 9.36D, respectively. It should be noted that the
cross-section profile, height, and length of all cases are identical. The nose cross-section is assumed
by the same relation, where cfollows a semielliptical shape with a primary diameter of 1.28D and
0.64D for the long-nose and the short-nose approaches, respectively. At the same time, n decreases
uniformly to 2 at the nose tip. To simulate the experimental setup, it is worth to pay attention to
all details. In this context, the train is located on a channel like the wind tunnel, as shown in Fig. 1.
The authors attempted to consider all scales and boundary conditions like the real one as well. The
channel has a length of 29D in the direction of streamwise, a height of 9.76D, and a width of 13.4D
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perpendicular to streamwise. The train model is mounted at the channel (wind tunnel) horizontally.
Moreover, the distance of the bottom side of the model to the ground is considered to be 0.15D as
a real high-speed train. The centerline of the model is considered to be 8D from the inlet and 21D
from the outlet of the channel due to capturing all downstream events. In the experimental setup,
a ground-board was used above the tunnel floor to control the boundary layer increase. Also, four
adjustable flaps were mounted at the end of the rear the ground-board to control the flow so that the
mainstream was parallel to the ground-board when approaching its leading edge. To simulating the
ground-board boundary condition at the numerical study, the bottom of the computational domain
is placed at the height of the ground-board.
The boundary conditions of the inlet, outlet, surrounding walls, and surface of train body are as
follows:

1. Inlet: entering flow with uniform velocity with a constant profile of VWind

2. Front: entering flow with uniform velocity with a constant profile of VTrain

3. Outlet: convective boundary condition, ∂ui/∂t+U∞ (∂ui/∂z) = 0, where U∞ is the freestream
velocity magnitude

4. Back: convective boundary condition, ∂ui/∂t + U∞ (∂ui/∂z) = 0, where U∞ is the freestream
velocity magnitude

5. Up: convective boundary condition, ∂ui/∂t + U∞ (∂ui/∂z) = 0, where U∞ is the freestream
velocity magnitude

6. Surface of train body: no-slip boundary condition is used

7. Channel floor: no-slip boundary condition with is used and V = 0

It must be noted that the Neumann boundary condition for the pressure is used for all boundaries.
Four different directions for the velocity in different yaw angles (θ = 10◦, 20◦, 30◦, and 40◦) are

considered, which is defined as θ = tan−1
(

VWind

VTrain

)
.

The ground is usually assumed as rough, whenever two conditions, rough and smooth, are presented
for the train surface. The underbody of the train includes some ancillary sets, so that it can be
assumed as a rough surface with large values of roughness. To reduction the simulation, the train
surface is assumed in its case as a uniform rough surface. Moreover, to that, it is considered that
the ground to have a uniformly roughness. In this context, z0 is 2 mm and 0.03 mm for the ground
and the train surface, respectively.

4. Numerical accuracy

The geometry of the simplified train model is constructed by the equation mentioned above (3.1).
To improve the mesh quality, another dummy train (refine box) with a higher dimension is created
around the original geometry. The height of the dummy train is equal to 1.15D, and the hexahedral
mesh form is employed in this region around the actual train. Also, an O-type mesh is applied
between the created gap of innovative and dummy models in the belt of the thickness of 0.075D.
As a result of this method, the smooth mesh can be made. The present work is carried out with
a high-performance computer system, predicting the three-dimensional flow structure around the
simplified train with high grid numbers. The SST transitional equations are discretized with the
three-dimensional finite volume approach. The viscous convective diffusion is approximated using a
second-order central difference plan. Furthermore, the upwind method is not used to decrease the
numerical dissipation. The central difference scheme is sensitive to the stretching ratio in the region
with large flow variations. It is necessary to keep the mesh stretching ratio below 1.1 in the O-type
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Figure 1: Details of studied geometry and computational domain.

meshes at the adjacent of the original model where the large flow changes are expected. To couple
the pressure terms to the velocity terms, the SIMPLE algorithm is employed.

The distributions of time-averaged pressure at different sections of the simplified train model
are compared with the experimental results of the similar models, and related physical boundary
conditions are presented in Fig. 1. The local pressure coefficient (CP ) is utilized to express time-
averaged pressure distribution. The pressure coefficient (CP ) is defined as follows:

CP =
⟨P ⟩t − P∞

1
2
ρU2

∞
(4.1)

Here U∞ is the air-flow velocity as the freestream, P∞ is the reference pressure. The amount of the
reference pressure is chosen from the top corner of the inlet channel since the distance is sufficient
to avoid the possible influence of the model on the total inlet pressure.

5. Results and discussion

In the present study, the three-dimensional turbulent flow around a simplified train model with a
constant magnitude of freestream velocity at four different yaw angles (four different yaw angles)

with the SST transitional turbulence model (γ − R̃eθt) is carried out. The three-dimensional flow
structure, two-dimensional streamlines at various sections along the length of simplified train model
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for presenting details, turbulence quantities such as turbulence kinetic energy and turbulent dissi-
pation rate, pressure and pressure coefficient, and skin friction coefficient are presented graphically
and quantitative which render comprehensive insight about the influences of the yaw angle around
a high-speed train. It can be observed in Figs. 2 and 3 that a comparison between the present
simulations and the experimental findings performed by Chiu [13] that there are fair agreements
between the numerical and experimental. As such, it can be verified that the present numerical
simulations predict the three-dimensional flow structure, turbulence quantities, and other local and
total parameters accurately.
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Figure 2: Comparison between results of the present work at θ = 0◦ and experimental results performed by Chiu [13].
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Figure 3: Comparison between results of the present work for x/D = 6.5, 7.5 and 8.5., and experimental results
performed by Chiu [13].
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5.1. Three-dimensional flow structure analysis

The flow structure behind the train is significantly influenced by the yaw angle. Different three-
dimensional flow structure around the train at four different yaw angles (θ = 10◦, 20◦, 30◦, and 40◦)
perpendicular to the y-axis are presented in Fig. 4. It should be noted that the velocity magnitude of
front wind is constant, and the velocity magnitude of crosswind is variable as the yaw angle changes.
As shown in Fig. 4, the circulations at the lee-side of the simplified train model are created. These
circulations at each section along the length of the model are consist of two main circulations, which
are kindled from the roof-side and bottom-side of the model. Moreover, the height and width of the
circulation changes along the height of the model. Furthermore, the nose of the simplified train model
causes reducing the helical flow. The flow travels along the surface of the nose omitting the three-
dimensional spiral flow structure. It should be noted that the circulation existing at the Lee-ward
of the model increases the pressure coefficient and resulted in drag force. As such, it is necessary to
identify the nature of the circulations and finding the methods to omit them. The created vortices
at the adjacent of the nose of the model are pulled inside of the main circulation, which is caused
by both the curvy shape of the nose and negative pressure of main circulations. In the cases with a
lower yaw angle, the spiral flow travels at the adjacent of the simplified train body. On the contrary,
the flow separates from the body in a higher wind angle as the flow imposes to the train’s side.

Figure 4: Three-dimensional time-averaged flow structures for different yaw angles.

5.2. Two-dimensional streamlines analysis

For a better understanding of the flow pattern around the simplified high-speed train, the three-
dimensional flow structures are visualized at different sections along the length of the train model
and perpendicular to the x-axis. The two-dimensional streamlines are depicted graphically, shown in
Fig. 5, at six different sections as x/D = 1.5, 2.5, 3.5, 4.5, 6.5, and 8.5 for four different yaw angles
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Figure 5: Time-averaged streamlines at different cross-sections along the train model body at various yaw angles for
rough train body.

of θ = 10◦, 20◦, 30◦, and 40◦. It can be observed that the velocity magnitude at the top of the model
is high, especially at the left-top corner of the model, since the streamlines are compacted at these
regions. Also, the strong streamlines exist at the gap between train and ground. Since this confined
gap acts like a nozzle enhancing the velocity magnitude and reducing the pressure. At x/D = 1.5,
which is near to the nose of the model, there are two small circulations, which show that the spiral
flow starts to being created and creating reverse flow as well. Also, the flow pattern in the cases with
θ = 10◦ and θ = 20◦, θ = 30◦, and θ = 40◦ are almost similar to each other. In case x/D = 2.5, the
circulations become more significant the spiral flows grow.

5.3. Surface streamlines at wind-ward

To a comprehensive investigation of the flow structure, the flow pattern at the two most important
regions of wind-ward and Lee-ward is analyzed. The Lee-ward flow patterns are identified by three-
dimensional and two-dimensional flow patterns. The three-dimensional flow structures at the wind-
ward will not render clear insight; the streamlines at the surface of the simplified train model are
obtained in Fig. 6. It can be observed that the positions of the stagnation lines at the surface of the
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Figure 6: Surface streamlines at the wind-ward wall for various yaw angles for rough train body.

model’s body are almost similar for all cases. On the other hand, the stagnation lines at the model’s
nose are deflected to the roof of the model. The air-flow is imposed to be passed from the top due
to limited space at the bottom of the train model.

5.4. Turbulent Kinetic energy

As the air stream collides with the simplified train model, the regime of the air-flow stream changes
forms laminar to turbulent. The zones with the turbulent regime and the intensity of turbulence
may be identified with the turbulent kinetic energy parameter. The time-averaged turbulent kinetic
energy parameter iso-surfaces for four different yaw angles are depicted graphically in Fig. 7. The
iso-surfaces of turbulent kinetic energy are obtained at various levels with transparency to better
detect regions with different turbulence intensity. It should be noted that the iso-surface diagrams of
each case must be considered with theirs related turbulent kinetic energy ranges next to each case,
not just by color. In the case of θ = 0◦, the contour of turbulent kinetic energy is more pronounced
at the back sections of the train. Since the flow travels along the train body smoothly because of the
curvy nose of the train. As the yaw angle increases, the contour of turbulent kinetic energy grows
and covers the train body since the fluid flow becomes turbulent as the crosswind collides with the
body. Furthermore, the contour of turbulent kinetic energy increases as the surface of the train body
becomes rough. The flow colliding to the rough surface will have more turbulent nature concerning
a smooth surface.
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Figure 7: Iso-surfaces of turbulent kinetic energy for different yaw angles.
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Figure 8: Velocity and pressure fields for different yaw angles and surface types.
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5.5. Velocity and pressure field

The pressure and velocity fields at a section on the surface of the z-axis and perpendicular to the
y-axis for different yaw angles, smooth and rough surfaces are presented in Fig. 8. It can be observed
that the pressure and velocity fields are various at different yaw angles and type of surface. As the
yaw angle increases, the magnitude of pressure behind the train decreases. This matter occurs at
both smooth and rough train bodies. It should be noted that the magnitude of total pressure around
the train has no considerable difference in different cases, the pressure distribution has a concise
difference in different yaw angles and types of surfaces. Similarly, this matter occurs for the velocity
field.

Figure 9: Contours of total pressure for different yaw angle angles.
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Figure 10: Values of pressure coefficient for two various yaw angles (θ = 10◦, 20◦, 30◦, and 40◦) at different cross-
section along the train model body.

5.6. Total pressure

The total pressure contours for different yaw angles (θ = 10◦, 20◦, 30◦, and 40◦) are presented
in Fig. 9. It can be observed that the contours of the total pressure on the surface of the simplified
train model are almost similar to each other. The wind-ward wall of the model’s body is affected
by the most proportion of the total pressure. Furthermore, the curvy form of the nose causes that
the maximum value of pressure is stopped to occur on the nose. In this context, it is clear that the
train’s nose sustains the lower value of the total pressure concerning the same area at the model’s
body. In all cases, the top edge of the wind-ward model has low pressure due to air-flow jumping at
this region and creating a low-pressure zone.

5.7. Pressure coefficient

he pressure coefficients on the surface of the simplified train model for different yaw angles (θ =
10◦, 20◦, 30◦, and 40◦) to varying cross-sections along the length (x-axis) of the model (x/D =
1.5, 2.5, and 3.5) for the rough train body are presented in Fig. 10. It is worth to mention that all
discussions in this section are based on the negative value of the pressure coefficient, and each part
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of the body of the simplified train model belongs to a specific range of rotation angle on the surface
of the model as follows:

1. Lee-ward: 315◦ < θ < 360◦ and 0◦ < θ < 45◦

2. Roof: 45◦ < θ < 135◦

3. Wind-ward: 135◦ < θ < 225◦

4. Bottom: 225◦ < θ < 315◦

As shown in this figure, the trends of increasing and reducing the pressure coefficient for all cases
at each cross-section are almost similar to each other. At the roof of the model, the negative value
of the pressure coefficient increases with increasing rotation angle (θ), and the pressure coefficient
is maximum at the top edge at the wind-ward direction (θ = 135◦). At the wind-ward wall at the
rotation angle range of 135◦ < θ < 225◦, the lowest value of the native pressure coefficient occurs.
Since the air-flow collides with the simplified train model directly. In this range, the negative value
of the pressure coefficient decreases and then increases. In the next part of the train model in the
rotation angle range of 225◦ < θ < 315◦ (Bottom), there are no considerable differences in the
pressure coefficient. Since the bottom of the train model does not affect by the freestream directly,
and the flow jumping does not occur due to limited space at the bottom of the model.
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Figure 11: Values of skin friction coefficient for two different yaw angles (θ = 10◦, 20◦, 30◦, and 40◦) at different
cross-section along the train model body.

5.8. Skin friction coefficient

The pressure coefficients on the surface of the simplified train model for different yaw angles
(θ = 10◦, 20◦, 30◦, and 40◦) to varying cross-sections along the length (x-axis) of the model (x/D =
1.5, 2.5, 3.5, and 5.5) are presented in Fig. 11. It should be noted that the range of rotation angle
for the train model is as same as the previous section. The mainstream of the changing of the skin
friction coefficient for all cases is almost similar to each other. It can be observed that the skin
friction coefficient has a lower value at the surface of the bottom wall, virtually in all cases. On
the other hand, the maximum value of the skin friction coefficient occurs at the top edge of the
wind-ward wall. Moreover, in comparison to smooth and rough train bodies, skin friction has slight
differences in some regions.

6. CONCLUSIONS

The main objective of the present numerical investigation is to analyze the air-flow over the
simplified high-speed train. The γ − R̃eθt transitional model is applied to predict the time-averaged
three-dimensional flow structure, turbulence quantities and the aerodynamic forces at four different
yaw angles of θ = 10◦, 20◦, 30◦, and 40◦ and two different types of smooth and rough train surfaces.
The following results can be listed:

1. The flow direction angle has a pronounced influence on the three-dimensional flow structure
around the model.

2. The pressure coefficient and skin friction coefficient increase with the increasing yaw angle.

3. The curvy nose of the simplified train model has considerable influences on determining the
vortex and its turbulent nature at the lee-ward region.

4. The distributions of the skin friction and pressure coefficients are affected by the yaw angle.

5. The Influence of roughness on the pressure coefficient is negligible.

6. The Influence of roughness on skin’s friction coefficient is local. In some regions, the skin
friction coefficient increases in rough train surfaces.
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Nomenclature
CP pressure coefficient
k turbulent kinetic energy
kl laminar kinetic energy
Re Reynolds number
Reθ momentum thickness Reynolds number, uθ/ν
ReT turbulent Reynolds number, k/(νω)
Reθt transition onset momentum thickness Reynolds number (transported quantity)
Reθc critical momentum thickness Reynolds number

R̃eθt local transition onset momentum thickness Reynolds number (transported quantity)
Reν vorticity Reynolds number, Sy2/ν
u, v, w velocity components
x, y, z Cartesian coordinates
P production term of transport equation
E destruction term of transport equation
S strain rate magnitude
U local velocity
Tu turbulence intensity [in %]
Greek symbols
γ intermittency
θ boundary layer momentum thickness
ν kinematic fluid viscosity
τij Reynolds stress tensor
ω specific turbulence-dissipation rate
Ω vorticity magnitude
σf γ-transport equation diffusion coefficient

σθt R̃eθt -transport equation diffusion coefficient
λθ pressure gradient parameter
Subscript
l laminar
t transition onset
T turbulent
∞ freestream
onset onset of transition
θt momentum thickness at transition onset
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