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Abstract: Panel methods have been applied to many fields of fluid owing to their computational
efficiency. However, their applications are limited in simulating highly turbulent flow with sep-
arations due to the inviscid flow assumptions, such as those associated with train aerodynamics.
Some researchers employed the wake models to simulate large vortices in the wake of trains with
predetermined separation locations according to experimental results. In this paper, a modified 2-D
constant source/vortex panel method for modelling the separated flow around 2-D bluff bodies is
presented. The proposed separated-flow model includes the prediction of separation locations based
on the integral boundary-layer method and the shear layer, and large vortices in the wake of the
bluff bodies are modelled by the wake model. The proposed method is validated by comparing the
calculated pressure distribution on a 2-D circular cylinder with the experimental results. The method
is then applied to simulate the flow around a 2-D generic train and calculate the pressure distribu-
tion on the train. Since trains run very close to the ground, the effect of the ground configuration
on the pressure distribution of the 2-D train is also investigated in this paper using the proposed
method. The main contribution of the work is to present a 2-D separated-flow model with wake
modelling and separation prediction. The proposed model can be used in the rapid evaluation of
bluff-body aerodynamics.

Keywords: panel method; separated-flow model; boundary-layer approximation; bluff body; static
pressure distribution

1. Introduction

The aerodynamics of bluff bodies have received extensive attention due to their wide
variety of applications, which span from civil engineering to wind engineering, and from
bridges to offshore structures, all of which rely heavily on our understanding of bluff-body
aerodynamics [1]. Although most of our knowledge of train aerodynamics has been
gained via aerospace industrial applications, they essentially fall under the category of
aerodynamically bluff bodies [2]. Approaches to investigate the flow around trains can be
generalised in the traditional sense into key areas of full-scale experiments, model-scale
experiments, and numerical simulations. The latter approach is continuing to increase in
popularity for applications in train aerodynamics due to its low cost and the large amount
of data that can be generated compared with the experiment methods, especially in relation
to full-scale experiments on live railways.

It is well known that simulations using computational fluid dynamics (CFD) meth-
ods based on solutions of the full Navier–Stokes equations have provided the ability to
understand the overall flow dynamics in much greater detail and jointly with experimental
studies can be used in the design and assessment of new rolling stocks. Previous literature
on train aerodynamics employs the mesh-based scheme and different turbulence models
to simulate the flow around trains [3–5]; however, significantly fine meshes are needed in
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order to capture the features of the thin boundary layer and small-scale eddies, which has
led to ever-increasing simulation sizes that are computationally expensive and time con-
suming [6–9]. Additionally, these numerical approaches are dependent on the grid quality,
especially in high Reynolds numbers [10]. Furthermore, it is particularly computationally
expensive and time consuming for simulating certain train operating conditions, such as
the modelling of trains in tunnels [11], where the aspect of most concern is the pressure
variations induced by the passage of the train.

Although in line with the rapid development of high-performance computers, the
computational performance of these methods has been improved, it can still require days,
or hours at least, to complete a thorough simulation necessary to understand the key flow
characteristics [10]. This current situation conflicts with the increasing demand for accurate,
cost-effective tools to predict the aerodynamic behaviour of trains as well as other vehicles
and structures [11,12]. Owing to their high efficiency, meshless approaches can be the
solutions to the present problems [13,14]. The 3-D CFD simulations based on Navier–Stokes
equations can track the flow features inside the tunnel due to the train passage; this
method is computationally expensive and demands high-order discretisation schemes to
avoid numerical instabilities [15,16]. Owing to the large ratio of the tunnel length to its
cross-section diameter, the flow inside the tunnel can be approximated by 1-D equations
along the axial axis and solved by the method of characteristics (MOC) [17,18], which
provides reasonable results at a lower computational cost in predicting the propagation of
the pressure waves inside the tunnels. However, the flow induced by the train at the entry
portal of the tunnel is complex and three dimensional, which is hard to simulate using the
MOC method, as well as the effects of the geometrical parameters of the tunnel portal and
the train on the pressure waves [15,19]. The panel method is an option to model trains in
tunnels in two-dimensional (2-D) and three-dimensional (3-D) ways while maintaining
lower computational costs at the same time. The authors intend to develop the 2-D model
and 3-D model for trains in tunnels, and the first stage of our work is to simulate the flow
around the 2-D train. This paper presents a 2-D separated-flow model, including separation
prediction and wake modelling, to evaluate the pressure distributions around bluff bodies
in high Reynolds number flows. The proposed method is applied to the two-dimensional
circular cylinder and the generic train and is mathematically and physically consistent with
the real expected physics for the investigated problems.

Based on inviscid incompressible potential flow theory, the panel method is applied
to most general geometries by solving linear integral equations over the boundary. The
main advantage of the method is to eliminate the need for a computational grid, owing to
which it has been considered an appropriate design tool in many fields since the 1960s [20].
The panel method has a broad range of applications in industrial fields including trains.
Baker generalised the flow field around a train into four different regions according to the
velocities induced by the cruising train: the nose region, the boundary-layer region, the
near-wake region, and the far-wake region [21,22]. In the nose region, the flow field for most
of the trains is largely inviscid with low turbulence levels; that is, except for extremely blunt
trains, where large-scale flow separation occurs. Similar results have been obtained using
large eddy simulation (LES) by Hemida et al. [23]. Steinheuer [24] computed the potential
flow around train heads with different geometries using a panel method and validated the
results with model- and full-scale experiments. Based on the results, a simplified potential
flow model, to compute the induced loads on track side objects for an axial symmetric
head geometry and cylindrical track side objects, was developed [24]. By simplifying
the moving train into a moving point, Sanz-Andres et al. [25–28], Barrero-Gil and Sanz-
Andrés [29], and Rutschmann et al. [30,31] investigated the train-induced effects on track-
side infrastructures and head pressure waves using analytical methods. Although analytical
models provide satisfactory solutions, they are only applicable after some major geometrical
simplifications in the boundary conditions have been made. However, panel methods can
be applied to more realistic geometries, and fulfil the boundary conditions on the actual
surface [32]. Hermanns et al. [33] and Takei et al. [34] used boundary element methods
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(panel methods are the application of boundary element methods in fluid dynamics) and the
three-dimensional panel method to solve the potential flow around the train nose. Due to
the inviscid characteristics of the flow around the train head, potential flow solutions have
been applied to predict the pressure variations due to the train passages. Kikuchi et al. [35]
performed numerical simulations using the boundary element method to study the pressure
changes caused by the train passage and validated the numerical model by comparing
with the field test results. Khandhia et al. [36] used the time-stepping low-order panel
code, USAERO, based on the solutions of potential flow equations coupled with boundary
layer and wake relaxation algorithms to simulate trains passing. The results, based on
this method, agreed well with the experimental data in both trends and peak-to-peak
pressure changes [36]. Some other researchers developed computing programs based on
panel methods. For instance, Johnston et al. [37], Morrow [38], Reinhardt-Piéchowiak
and Ducruet [39], and Berenger et al. [40,41] developed their own programs based on
panel methods to predict the train-induced pressure loads and head pressure waves when
trains pass each other. Their predicted results were tested by means of experiments or
numerical simulations and showed good agreements [37–41]. Farhan [42] applied the
inviscid three-dimensional source panel method to predict the pressure distributions in
the cases of a single train at different yaw angles and a train passing a station or passing
another train.

The conventional panel method can only be applied to the potential flows such as the
flow in the nose region. Additional models should be considered to simulate the separated-
flow regions created by bluff bodies such as trains. Some researchers employed the wake
models to perform as the strong large vortices in the wakes. Mahomedali [43] developed a
procedure based on the panel method for the calculation of the potential flow around bodies
of a circular shape to investigate the flow around the train cross-section. Copley [44,45]
proposed a quasi-three-dimensional approach using a 2-D panel method for train cross-
section computation and then marching along the train length. He applied this model to
the aerodynamic predictions of the train at low incidences. Discrete sources and discrete
vortices were adopted to model the body and the wake. It was found that the model failed
over the incidence of 50◦ due to the breakdown of the slender body analogy. Chiu [46–48]
proposed a separated-flow model for both symmetrical and asymmetrical bluff bodies
based on a 2-D second-order vortex panel method, and the computed pressure distribution
around the train model and other 2-D bluff bodies agreed very well with the experiments.
The model was then updated for the prediction of the aerodynamic loads on an idealised
railway train model under crosswind at large yaw angles up to 90◦. This model involved a
two- and a three-dimensional procedure and employed source and vortex panels to model
the surface of the train and the wake on the leeside, respectively, and gave satisfactory
results when the flow structure of the wake was mainly of a vortex-shedding type rather
than a line-vortex type. Tyll [49] proposed a 2-D vortex panel method and utilised it in the
multidisciplinary design optimisation of a magnetically levitated (MAGLEV) train. The
model employs a continuous vortex sheet to model the solid surface and discrete vortices
to model the shed wake, which better matches the mechanics of the flow and predicts
the ground effect flow. Good agreement was shown by comparing the predictions with
higher-order computational methods and experimental data.

Therefore, only the flow in the nose region of the train has been accurately simulated
using the potential flow theory. In order to simulate the flow and pressure distribution
around the train, a wake model is needed to account for the vortices after the rear of the
train. In addition, modelling of the wake requires the identification of the flow separation’s
locations in advance, which in turn relies on experimental or alternative numerical methods.
The locations of the flow separation are determined by the boundary-layer development
along the train body, which is a result of the viscous effect and can be predicted using
integral boundary-layer methods. In this paper, the separated-flow model is developed to
include the viscous and inviscid interaction for predicting the pressure distribution around
the 2-D bluff body. In this method, a wake model is employed to simulate the separated
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flow. The integral boundary-layer method is used to predict the separation position, which
includes the approximation of both laminar and turbulent boundary layers as well as the
transition in boundary layer. Moreover, an interpolative strategy is used to determine the
“correct” wake model and to predict the base pressure. The general analysis procedure
of this method consists of a potential flow calculation, a boundary-layer analysis, and a
wake model for the separated flow. The entire calculation program is coded up in MATLAB
and is validated using experimental data of the flow around a circular cylinder, which is a
well-documented highly separated turbulent flow case. The method is then used to predict
the pressure distribution along a 2-D train, with and without the ground configuration.
The methodology of the present work is introduced in detail in Section 2, including the
calculation strategy for potential flow, boundary-layer prediction, and modelling of the
separated flow. The method is validated in Section 3 by predicting the separation and
pressure distribution around the circular cylinder and comparing the results with the
reference data. Then, the proposed model is applied to predict the pressure distribution
along a 2-D generic train with and without ground configuration. The conclusions of the
findings in this work and the advantages and disadvantages of the present model are
presented in Section 4.

2. Methods

This work mainly deals with the flow around the bluff bodies. In general, the maxi-
mum operational speed of a train is no more than 350km/h, which can be classified as a
subsonic flow. Thus, the effect of compressibility is neglected here as the Mach number of
the investigated problems in this paper is under 0.3. However, this is not the case for trains
running in a tunnel, where the compressibility effect cannot be ignored [10]. The proposed
model will be modified and improved dealing with this problem hereafter. In this paper,
only the flow around the trains will be considered and thus the compressibility effect is
not included.

The calculation procedure of the methodology presented in the current paper is shown
in Figure 1. The procedure begins with the coordinates of discretised geometry in panel
form as an input. The inviscid flow field around this configuration is then simulated by the
potential flow method. The integral boundary-layer method is then used to predict the sep-
aration locations for the bluff body based on inviscid velocities obtained from the potential
flow calculation in order to model the separated flow. The calculated edge velocities are
then used to correct the right-hand side of the potential flow simulation matrix by adding
them into the streamwise freestream velocities. The calculated separation locations, where
the vorticity shear layer leaves the surface of the bluff body, together with the calculated
“correct” wake length map the separated-flow region of the bluff body. Eventually, the
velocity and pressure fields are updated by a new potential flow calculation with the
separated-flow model. With the updated velocity field, the boundary-layer calculation is
made again to find the new separation positions. The iterative procedure continues until
the predicted separation positions coincide with the last calculation. The predicted pressure
field for the entire body in both attached and separated flow results from this procedure.
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2.1. Potential Flow Calculation

The potential flow around the body is computed using the 2-D constant source panel
method, as described in detail in Katz and Plotkin [32], Chiu [46], and Dvorak [50]. The
incompressible flow field around an arbitrary shape is governed by mass and momentum
conservation equations. With the inviscid irrotational potential flow assumption, the mass
conservation equation is simplified to the Laplace equation in terms of the velocity potential
Φ and governs the potential flow independently:

∇2Φ = 0, (1)

The pressure field is calculated using the momentum equation (Bernoulli equation).
Thus, the problem is to solve Laplace’s equation for one unknown scalar, which is a linear
problem. For the exterior flow case, the flow should be bounded by the solid surface of
the arbitrary body and no penetration is allowed through the body surface. In the present
work, the Neumann boundary condition, which is imposed on the Laplace equation and
specifies the values of the derivative applied at the boundary of the domain, is selected to
specify a zero normal velocity component on the boundary surface directly:

∇Φ· n = 0, (2)

where n is the unit normal vector in the out-of-plane direction. The configuration surface is
approximated by n straight-line panels, and each panel has a control point, normally taken
as the midpoint, where the boundary conditions are applied. The perturbation velocity
fields, u and v, at point P (x,y) included by a panel with coordinates (x1,y1) and (x2,y2) and
constant source strength σ is calculated as follows:

u =
σ

4π
ln

(x− x1)
2 + (y− y1)

2

(x− x2)
2 + (y− y2)

2 , (3)

v =
σ

2π

(
tan−1 y− y2

x− x2
− tan−1 y− y1

x− x1

)
, (4)

The boundary condition is satisfied if the normal velocities of all of the control points
on the panels are equal to zero. Thus, a system of linear equations is constructed and the
constant source strength of each panel is obtained by solving the system:[

Aij
]{

σj
}
= {RHSi},

Aij = (u, v)ij· ni,
RHSi = −(U∞, V∞)· ni,

(5)

where Aij is the matrix of aerodynamic influence coefficients referring to the normal velocity
at the i-th control point induced by the j-th panel, σj is the constant source strength of the
j-th panel, RHSi is the right-hand side term, which is equal to the normal velocity due to
the freestream velocity (U∞,V∞) at the i-th control point, and ni is the normal vector of the
i-th panel.

The matrix is solved here by the Gaussian elimination method and the velocity and
pressure at any point in the flow field can be calculated using the calculated constant source
strength. According to the Bernoulli equation, the pressure distribution is computed using
the total tangential velocity at each control point by Equation (6).

Cpi =
p− p∞
1
2 ρQ∞2

=
− 1

2 ρ
(
Qti

2 −Q∞
2)

1
2 ρQ∞2

= 1−
Qti

2

Q∞2 , Qti =
(
∑N

j=1(u, v)ij + (U∞, V∞)
)
· ti , (6)

where Cpi is the pressure coefficient of the i-th control point, Qti is the total tangential
velocity magnitude at the i-th control point, which is 0 at the stagnation point, and Cpi = 1.
Q∞ is the freestream velocity magnitude and ti is the unit tangential vector of the i-th panel.
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2.2. Boundary-Layer Prediction

The separated flow can be calculated with the separated-flow model [46–48,50]. The
separated shear layers of the bluff body are represented by two vortex panels for which
strength is calculated using the panel method. However, the separation positions should
be prescribed according to experimental results or high-fidelity numerical simulations.
Both measures are costly and time consuming. Thus, the separation positions are normally
considered as unknowns for design problems that need to be economic both in terms
of expense and time. To tackle this, the boundary-layer integral methods are used as
an alternative approach in this work, which are relatively simple and fast in predicting
the boundary-layer characteristics [51–55]. To represent flows with limited separation
regions accurately, viscous equations should be adopted in the present work. Compatibility
between laminar and turbulent formulations is necessary to represent the transition in a
well-ordered and analytically continuous manner. The fewest additional variables related
to viscosity should be added to the global Newton solution procedure for solving the
boundary-layer parameters to ensure the computational efficiency.

The two-equation integral formulation [51,52,55] based on dissipation closure is suit-
able for developing the numerical model. The transition is predicted by spatial amplifica-
tion theory [56,57] together with an extra lag equation [58,59]. Compared to one-equation
methods, such as Thwaites’ method [54], two-equation methods possess the capability of de-
scribing thin separated regions and are suitable for the development of the proposed model.

The formulations to represent the incompressible boundary layer in this work employ
standard integral momentum and kinetic energy shape parameter equations, based on the
formulations presented in Drela and Giles [52] with slight modifications for incompressible
flow applications [60]:

dθ

dξ
+ (2 + H)

θ

ue

due

dξ
=

C f

2
, (7)

θ
dH∗

dξ
+ H∗(1− H)

θ

ue

due

dξ
= 2CD − H∗

C f

2
, (8)

where ξ is the streamwise coordinate, and ue is the streamwise potential flow velocity at
the edge of the boundary layer. The remaining five parameters, θ, H, H*, Cf, and CD, in
the two equations are unknowns, which are the boundary-layer momentum thickness, the
shape parameter, the kinetic energy shape parameter, the skin friction coefficient, and the
dissipation coefficient, respectively. Thus, additional functional dependencies must be
assumed to close the integral boundary-layer equations. For the incompressible laminar
flow, the relationships are approximated based on the Falkner–Skan one-parameter profile
family and the expressions of H*, Cf, and CD in terms of θ, H, and momentum thickness
Reynolds number Reθ are presented as follows:

H∗ =

{
1.515 + 0.076 (H−4)2

H , H < 4

1.515 + 0.040 (H−4)2

H , H > 4
, (9)

Reθ

C f

2
=

−0.066 + 0.066 (6.2−H)1.5

H−1 , H < 6.2

−0.066 + 0.066 (H−6.2)2

(H−4)2 , H > 6.2
, (10)

Reθ
2CD
H∗

=

{
0.207 + 0.00205(4− H)5.5, H < 4

0.207− 0.100 (H−4)2

H2 , H > 4
, (11)

For the incompressible turbulent flow, closure functions for Cf and H* are obtained
from the Coles out-layer profile. The Coles skin friction formula is used as the closure
correlation for Cf:

C f =
0.3e−1.33H(

log10 Reθ

)1.74+0.31H , (12)
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and H* is approximated by the following formula:

H∗ =

 1.505 + 4
Reθ

+
(

0.165− 1.6
Reθ

1/2

)
(H0−H)1.6

H , H < H0

1.505 + 4
Reθ

+
(

0.04
H + 0.007 ln Reθ

H−H0+4/ ln Reθ

)
(H − H0)

2, H > H0
, (13)

where H0 = min
(

3 + 400
Reθ

, 4
)

.
However, the Coles out-layer profile is not sufficient to obtain the remaining closure

for CD because this parameter also depends on the Reynolds stresses. Based on the charac-
teristics of equilibrium turbulent flows, the dissipation coefficient CD can be approximated
by a sum of the wall layer and the wake layer contribution:

CD =
C f

2
Us + Cτ(1−Us), (14)

Us =
H∗

2
+

(
1− H − 1

0.75H

)
, (15)

where Us is the effective slip velocity and Cτ is the wake-layer shear stress coefficient. This
closure introduces a new variable, Cτ , and according to previous research [52,58,59], this
parameter is governed by Green’s lag entrainment equation [58]:

δ

Cτ

dCτ

dξ
= 5.6

(
C1/2

τeq − C1/2
τ

)
+ 2
(

δ

ue

due

dξ

)
eq
− 2

δ

ue

due

dξ
, (16)

Cτeq = 0.015
H∗

1−Us

(
H − 1

H

)3
, (17)

(
δ

ue

due

dξ

)
eq

=
δ/θ

0.75H

[
C f

2
− 1

44.89

(
H − 1

H

)2
]

, (18)

δ =

(
3.15 +

1.72
H − 1

)
θ + Hθ, (19)

where δ is the boundary-layer thickness, and the subscript ‘eq’ refers to the equilib-
rium state.

The envelope method is used in the present work [52,56,57] for the boundary-layer tran-
sition, which assumes that the transition occurs when the most unstable Tollmien–Schlichting
wave in the boundary layer has grown by some factor, usually taken to be e9. The loga-
rithm of the maximum amplification rate n with respect to the streamwise coordinate ξ is
expressed as a function of H and θ:

θ
dn
dξ

=

{
0, Reθ < Reθ0

= 1
θ

dn
dReθ

(
θ dReθ

dξ

)
, Reθ > Reθ0

, (20)

dn
dReθ

= 0.028(H − 1)− 0.0345 exp

[
−
(

3.87
H − 1

− 2.52
)2
]

, (21)

θ
dReθ

dξ
= −0.05 +

2.7
H − 1

− 5.5

(H − 1)2 +
3

(H − 1)3 + 0.1 exp
(
−20

H − 1

)
, (22)

log10 Reθ0 =
2.492

(H − 1)0.43 + 0.7
[

tanh
(

14
H − 1

− 9.24
)
+ 1
]

, (23)

The entire boundary-layer region is divided into a laminar interval and a turbulent
interval, separated by a transition location ξtr. The momentum equation and the shape
parameter equation are solved for the entire boundary layer. The amplification equation is
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solved for the laminar interval, while the lag equation is solved for the turbulent interval.
The transition onset location ξtr does not have to be on one of the edge points—it can be
solved implicitly by the interpolation of its neighbour. Weighted averages of the laminar
and turbulent subintervals are the actual governing equations of the transition interval. To
define the development of the turbulence based on the onset location, Drela and Giles [52]
suggested using 0.7 times its equilibrium value as the initial value of

√
Cτ at ξtr. In this

work, the boundary layer is calculated in MATLAB and the the fsolve function is used to
solve the system of nonlinear equations.

The effect of boundary-layer displacement on the potential flow is simulated by
distributing sources of known strength on the panels used to describe the geometry. The
strengths of these sources are determined directly from the boundary-layer solutions as:

qi =
d(ueiδ

∗
i)

dξ
, (24)

where uei is the streamwise potential flow velocity at the edge of the boundary layer and δ∗ i
is the streamwise displacement thickness. The addition of the source distribution modifies
the normal velocity at the control point of the i-th panel. Consequently, Equation (5) is
modified as: [

Aij
]{

σj
}
= {RHSi − qi}, (25)

As the original geometry is not modified using distributed sources, the aerodynamic
influence coefficient matrix need not be recalculated. Subsequent iterations between the
potential flow and boundary-layer calculations result in convergent solutions.

2.3. Separated-Flow Model

The flow field around a body with separation can be identified as four regions: the
potential flow region, the boundary layer, the free shear layer, and the wake. In the panel
method, a simplified theoretical model of the real flow is shown in Figure 2: the body is
represented by a number of constant source panels and the free shear layers emerging from
the separation points of the body are represented by constant vortex panels. The wake
panels are attached to the body at the body panel edges nearest to the separation point.
One thing worth noting is that the time-varying wake in real flow is represented by two
steady vortex sheets, so the flow characteristics calculated are thus time averaged values.
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Figure 2. Sketch of boundary discretisation and separated-flow model.

There are normally two vortex sheets forming the wake behind a 2-D bluff body. In
the steady model, we should have the same loss of total head across the two vortex sheets.
Therefore, the vorticity values of the two vortex sheets have to be equal in magnitude and
opposite in sign. This separation model is the same with the model in Dvorak’s work [50].
In addition to the constant source panels on the body surface, a constant vortex distribution
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γ is assumed on the wake panels. The perturbation velocity induced by the constant vortex
panel is different from Equations (3) and (4):

u =
γ

2π

(
tan−1 y− y2

x− x2
− tan−1 y− y1

x− x1

)
, (26)

v =
γ

4π
ln

(x− x2)
2 + (y− y2)

2

(x− x1)
2 + (y− y1)

2 , (27)

Equation (25) is modified as:[
Aij
]{

σj
}
+ {Bik}{γk} = {RHSi − qi}, (28)

where i is the index number of control points including the ones on the wake panel, j is the
index number of panels on the body surface, and k is the index number of wake panels,
which are up to two in the case of flow around bluff bodies. Aij is the matrix of aerodynamic
influence coefficients referring to the normal velocity at the i-th control point induced by
the j-th panel, σj is the constant source strength of j-th panel, and Bik is the matrix of the
normal velocity at the i-th control point induced by the k-th wake panel with constant
vorticity strength γk.

In the separated-flow region, the pressure coefficient in the base flow region is practi-
cally constant. This is taken as the base pressure coefficient. The base pressure coefficients
within the separated-flow region are calculated as:

Cpb = 1−
(

Qti

Q∞

)2
−
(

γs

Q∞

)2
, (29)

where Cpb is the corrected surface pressure coefficient in the recirculation region where the
velocity of the i-th panel is Qti , and γs is the vorticity of the shear layer.

Base pressure coefficients are sensitive to the length of the wake panels. Dvorak [50]
and Chiu [46] investigated the relationships between the wake panel lengths and the base
pressure coefficients in a 2-D circular cylinder case. They observed that the shorter wake
length gave good agreement with experimental pressure over the whole cylinder rather
than the longer wake panels, which tend to underestimate the peak suction upstream of the
separation. The essentiality of the “correct” wake in predicting the pressure distribution
around the bluff body is self-evident due to the separation of the flow. As the “correct”
wake length is not known a priori, researchers try to find ways to obtain it. Chiu [46] used
experimental base pressure coefficients to obtain the correct wake length. However, this
method is difficult to implement in the absence of experimental data. Dvorak [50] provided
several solutions to this problem. The first solution is to combine the constant pressure
criterion with a multiple segment vortex panel. This requires additional control points and
equations. However, this approach is not general enough for application to other shapes.
The second solution uses the criterion of zero tangential velocity difference between two
points on the wake panel, in an iterative way. Evaluating the tangential velocity increment
for two wake length assumptions enables a wake length to be interpolated, which gives a
zero-velocity increment, as shown in Figure 3.
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3. Results
3.1. Flow Past the Cylinder

To validate the present separated-flow model and the prediction of the separation
locations, the simulations for the viscous flows over a 2-D circular cylinder at high Reynolds
numbers (Re) have been carried out using the developed method. The results of the present
model are verified and validated using the simulation and experiment results of previous
studies from the literature [50,61].

In the separated-flow model, the body is represented by a certain number of constant-source
panels and the free shear layers by uniform vorticity panels aligned in the free-stream
direction, attached to the body at the source panel edges nearest to the separation points.
The flow field simulated using the presented model is shown in Figure 4a. For bodies with
symmetrical axes parallel to the freestream, the two wake panels will have the same length,
and the separation positions on the upper and lower surface are the same. The separation
points are predicted by boundary-layer calculations, and the wake lengths, which are highly
relevant to the base pressure, are determined by the solution proposed by Dvorak [50].
Roshko’s experiment of flows around the circular cylinder at Re = 8.4 × 106 [61] are used
to validate the proposed model. The separation angle predicted by the boundary-layer
calculation is 105◦ for Re = 1 × 107, which coincides with the experimental results. The
pressure distribution on half the cylinder of this case is compared with potential flow
results, Dvorak’s [50] simulations results, and Roshko’s experimental results [61], as shown
in Figure 4b. One thing worth mentioning is that the present method corrects the pressure
coefficient at the separation positions by assuming the velocity there is zero. This resolves
the “overshoot” in pressure just upstream of the separation point in Dvorak’s results [50].
The independence of the pressure distribution on panel densities is validated by comparing
the results of the 40-Panel case and 120-Panel case. Both simulations agree well with the
experimental results.

In order to determine the “correct” wake length, the distributions of the tangential
velocity increment calculated according to Figure 3 on a circular cylinder with various
wake lengths are studied, as shown in Figure 5. The tangential velocities along the wake
panels with lengths ranging from 0.75D to 1.5D are investigated, where D refers to the
diameter of the 2-D circular cylinder. It is shown that the shorter the wake panel, the larger
the increment. For longer wake panels, the tangential velocity first decreases slightly and
then increases along the wake panels. Evaluating the tangential velocity increment for
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two wake length assumptions enables a wake length to be interpolated, which gives a
zero-velocity increment. The iteration process shown in Figure 6 starts with two assumed
wake lengths, 0.75D and 2D, and it is converged after three iterations to 1.5D. This validates
that the proposed interpolative procedure can be used to determine the “correct” wake
length for the 2-D bluff bodies in evaluating their pressure distributions using the presented
separated-flow model.
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Figure 4. Simulation results for a circular cylinder at Re = 1 × 107: (a) flow field around the circular
cylinder; (b) pressure distribution on half of the cylinder.
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Figure 5. Distributions of tangential velocity increment on a circular cylinder for various
wake lengths.
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Figure 6. Results from the iterative wake length procedure applied to a circular cylinder.
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3.2. Flow Past the Train

The present method is used to predict the pressure distribution along a 2-D train
surface to validate its adaptivity to the flows around the trains. The influence of the
presence of the ground is investigated as well.

3.2.1. Physical Model

The 2-D generic train proposed by Chiu and Squire [62] is employed here due to its
simplicity, generic shape, and the availability of experimental and numerical data that can
be used for validation. The cross-sectional profile of the generic train model is defined by
the following equation:

|y|n + |z|n = cn, (30)

where y and z refer to the vertical and horizontal directions, respectively. The model
consists of two parts: a train body and a nose. The train body is of a cylindrical shape with
a height Dtr = 125 mm and a total length of 8.72 Dtr, which is in 1:32 scale to the real train.
The cross-section profile follows the above equation in which the value of c = 62.5 mm
(Dtr/2) and n = 5. The nose cross-section is given by the same equation in which c follows a
semi-elliptical profile with a major diameter of 1.28 Dtr, while n is reduced uniformly to 2
at the nose tip. In this way, the cross-section becomes smaller and more circular toward the
nose, as shown in Figure 7. The 2-D train model is discretised evenly in the following cases.
The Reynolds number is 3 × 105 in the following simulations.
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Figure 7. Generic train model.

3.2.2. Pressure Loads on the Train

The present separated flow model based on the panel method is used to predict
the pressure distribution on the 2-D generic train at the Reynolds number of 3 × 105.
The calculation procedure follows the flowchart shown in Figure 1. As explained above,
the separated flow model for simulating the viscous flow has two key parameters: the
separation locations at which the vorticity panels are attached, and the “correct” wake
panels with which the wake is modelled. In the former key parameter, separation locations
are predicted by the boundary-layer calculation procedure as described in Section 2.2.
The latter key parameter, the “correct” wake panel lengths, are calculated according to
the interpolating procedure based on the criterion of zero tangential velocity increment
between two points on the wake panels.

The 2-D generic train has a blunt nose in both the front and the rear part of it, and as
the air flows around the train, it tends to separate when reaching the rear part of the train.
Figure 8 shows the pressure coefficient along the 2-D train surface using the separated-flow
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model. The separation positions predicted by the integral boundary-layer method are
about 176◦ on the upper surface and 184◦ on the lower surface of the train, as shown in
Figure 9.
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Figure 8. Distributions of tangential velocity increment on the train for various wake lengths.
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Figure 9. Pressure distribution on the train with different panel densities without the ground.

Like the symmetrical simulation of the cylinder flow above, the generic train is ge-
ometrically symmetric and the lengths of the wake panels should be the same on the
upper surface and lower surface of the train. The distributions of the tangential velocity
increment on the wake panels of the train with wake lengths vary from 0.75 Dtr to 4 Dtr are
investigated, as shown in Figure 8. For all wake lengths, the tangential velocity increases
along the wake panels. The increments in tangential velocity for the wake panels decreases
with the increasing of the wake panel lengths; in other words, longer wake panels lead to
smaller tangential velocity differences. The “correct” wake panel lengths were determined
by the interpolative procedure elaborated in Section 2.3 and validated in Section 3.1. The
iteration process shown in Figure 10 starts with two assumed wake lengths, 0.75 Dtr and
2 Dtr, and it is converged after six iterations to 3 Dtr, which is used as the “correct” wake
length in evaluating the pressure distribution around the 2-D train. To validate the grid
independency of the proposed model, three different panel densities: 100 panels, 200 pan-
els, and 400 panels were tested, as shown in Figure 9. It can be seen that the distribution
and value of the pressure coefficient almost coincide for all three cases. The peak values
and base pressure are compared in Table 1. The discrepancies of peak values between
different panel densities are mainly caused by the locations of the control points and it
can be concluded that the differences between the results of 100 panels and 200 panels are
small. Thus, the results of the proposed model are independent of the panel densities.
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Figure 10. Results from the iterative wake length procedure of the train.

Table 1. Comparison of peak values and base pressure for trains with different panel numbers.

Position
100 Panels 200 Panels 300 Panels

Cp Position Cp Position Cp Position

1 −1.12 4.6◦ −1.19 5.2◦ −1.21 5.4◦

2 −0.41 171.8◦ −0.7 173.0◦ −0.6 173.4◦

3 −0.41 185◦ −0.7 185.5◦ −0.6 185.8◦

4 −1.12 352.6◦ −1.19 353.5◦ −1.21 353.9◦

Base pressure −0.34 −0.3 −0.36

The pressure coefficient is distributed almost symmetrically on the upper surface and
the lower surface of the 2-D train. When the flow encounters the train, the stagnation point
appears where the pressure coefficient is the maximum. As the flow passes the train head,
the pressure decreases rapidly to the minimum, and then increases until the flow reaches
the body of the train. The pressure along the train body remains constant and then drops
where the body transits to the tail. When separation occurs, the pressure rises and remains
constant in between two separation locations on the upper and lower surface, where the
pressure is referred to as the base pressure. The base pressure of the 2-D train predicted by
the present separated-flow model using 200 panels is −0.3.

The influences of different nose shapes on the aerodynamic pressure loads of the train
are investigated in this paper. The comparison of the nose lengths for Nose 1, Nose 2, and
Nose 3 is presented in Figure 11, for which the values are 0.96 Dtr, 1.28 Dtr, and 1.6 Dtr,
respectively. It can be concluded from Figure 11 that the peak values that appear just
downstream of the stagnation position decrease with the increment of the nose length. The
peak values just upstream do not have the same trend with the increase of the nose length,
but the differences between the two peak values shrink as the nose length increases. One
of the main features of the train is that it is running on the rails and is close to the ground
while cruising. The presence of the ground must be considered when investigating the flow
around the train. The method of images is employed in this case to model a solid ground at
z = 0 by placing the mirror image of the 2-D train at the negative value of the height, which
is 0.15 from the ground plane, as shown in Figure 12, where the number 1 refers to the 2-D
train and the number 2 refers to the image. The method of images involves the analysis of
the flow over multiple bodies, even if the original problem is for flow over a single solid
body. In addition, as the solid bodies are symmetric at about z = 0 at the ground plane,
the no-penetration condition is satisfied. A total of 200 panels were used in the simulation,
including the ground effect. Unlike the symmetrical simulation above, the introduction of
the ground plane leads to the flow around the train to be asymmetrical. According to the
integral boundary-layer prediction, the separation positions with the presence of ground
is not symmetric on the upper and lower surface of the train. They are about 176◦ on the
upper surface and 186◦ on the lower surface in this case, as shown in Figure 12.
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Figure 12. Pressure distribution on the train with the ground configuration.

The asymmetry of the separation points leads to the difference in the wake panel
lengths on the upper surface and the lower surface of the train. Thus, the interpolative
procedure, as elaborated above, was conducted for the upper surface and the lower surface
of the train, respectively. The determined “correct” lengths for the upper wake panel is
4 Dtr and for the lower wake panel is 9 Dtr.

For the asymmetric case, the pressure distribution on the upper and lower surface
is different. The pressure distribution on the upper surface is similar to the symmetric
case, but with a larger minimum pressure value in the head. On the lower surface, the
pressure drops in the head and then remains almost constant until near the separation,
where the pressure decreases slightly and then increases to meet the base pressure. Due to
the asymmetry of the flow field, the stagnation moved slightly downward to the ground
plane direction, which can be seen from the pressure distribution in Figure 12.

The effects of the ground clearance on the aerodynamic pressure loads of the train are
also studied in the present work, as shown in Figure 13. Three different heights of the train
are studied, which are h = 0.1, 0.15, and 0.2. It can be concluded from Figure 13 that that
the ground clearance has little influence on the upper surface of the train. However, the
pressure loads on the lower surface of the train increase with the decrease in the heights.
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Figure 13. Comparison of pressure distributions on the trains with different ground clearance.

4. Conclusions

A 2-D separated-flow model based on the constant source/vortex panel method is
proposed in this paper. The proposed model includes constant source panels to model
the obstacle in the flow field and constant vortex panels to model the wake behind the
body. To simulate the flow separation, the integral boundary-layer method is adapted to
calculate the separation locations and an interpolative calculation is adapted to calculate
the “correct” wake length for modelling the wake.

The proposed method is validated by comparing the calculated pressure distribution
on a 2-D circular cylinder with the experimental data. The predicted separation location
agrees well with the experiment, which proves the feasibility of incorporating the integral
boundary-layer approximation in the separated-flow model. Additionally, the calculated
pressure loads distributed on the train agree with the experimental results. This proves
that the proposed model is credible in simulating flows around bluff bodies. Moreover,
simulations with different panel densities are performed and the grid independency of the
proposed method is verified by the results.

The proposed method is also applied to predict the pressure distribution along a 2-D
generic train surface. According to the simulation results, the pressure changes dramat-
ically at the front of the train. The flow then separates at the rear part of the train, with
symmetrical separation locations in the absence of the ground configuration. The base
pressure remains constant at the rear part of the train. Furthermore, the grid independency
is validated in the 2-D train case by comparing the results of three different panel densities.
In addition, the presence of the ground changes the pressure distribution pattern on the
lower surface of the train: it weakens the pressure peak occurring around in the head and
tail and increases the pressure on the underbody of the train. The stagnation position at the
head of the train moves downward with the presence of the ground.

As the first stage to develop the numerical model for trains in tunnels, the presented
method is capable of predicting the pressure distribution along arbitrary bluff bodies such
as trains with flow separations. The most outstanding feature of the proposed method is
that it saves tremendous computational time and resources comparing with high fidelity
CFD simulations in pressure prediction. As a meshless method, it also saves the time and
energy to construct a computational mesh. However, this method still needs improvements
and modifications, for example, the effect of the compressibility, in order to be practised on
other train aerodynamic applications such as the modelling of trains in tunnels.

Author Contributions: Conceptualization, H.H.; funding acquisition, J.X. and Y.J.; investigation,
R.L.; supervision, H.H.; writing—original draft, R.L.; writing—review and editing, D.S. and J.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 11962014 and 51965033.

Institutional Review Board Statement: Not applicable.



Appl. Sci. 2022, 12, 9652 17 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Buresti, G. Bluff-Body Aerodynamics; International Advanced School on Windexcited and Aeroelastic Vibrations of Structures:

Genoa, Italy, 2000.
2. Bearman, P. Bluff Body Flow Research with Application to Road Vehicles. In The Aerodynamics of Heavy Vehicles II: Trucks, Buses,

and Trains; Lecture Notes in Applied and Computational Mechanics; Browand, F., McCallen, R., Ross, J., Eds.; Springer: Berlin,
Heidelberg, 2009; Volume 41, pp. 3–13. [CrossRef]

3. Flynn, D.; Hemida, H.; Soper, D.; Baker, C. Detached-eddy simulation of the slipstream of an operational freight train. J. Wind.
Eng. Ind. Aerodyn. 2014, 132, 1–12. [CrossRef]

4. Li, T.; Hemida, H.; Zhang, J.; Rashidi, M.; Flynn, D. Comparisons of Shear Stress Transport and Detached Eddy Simulations of the
Flow Around Trains. J. Fluids. Eng. T ASME 2018, 140. [CrossRef]

5. Morden, J.; Hemida, H.; Baker, C. Comparison of RANS and Detached Eddy Simulation Results to Wind-Tunnel Data for the
Surface Pressures Upon a Class 43 High-Speed Train. J. Fluids Eng. 2015, 137. [CrossRef]

6. Hemida, H.; Baker, C. Large-eddy simulation of the flow around a freight wagon subjected to a crosswind. Comput. Fluids 2010,
39, 1944–1956. [CrossRef]
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