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Abstract

In this study, an improved delayed detached-eddy simulation method has been used to
investigate the aerodynamic behavior of the CRH2 high-speed trains (HST) with differ-
ent first and last bogie positions. The results of the numerical simulations have been vali-
dated against experimental data obtained from a previous wind tunnel test, a full-scale field
test and a reduced-scale moving model test. The results of the flow prediction are used to
explore the effects of the bogie positions on the slipstream, wake flow, underbody flow and
aerodynamic drag. Compared with the original HST model, the downstream movement of
the first bogie, has a great effect on decreasing the slipstream velocity and pressure fluc-
tuation aside the HST, especially around the lower part of the HST. Furthermore, the size
of the longitudinal vortex structure and slipstream velocity in the near wake region also
decrease significantly by moving the last bogie upstream. Additionally, the movement of
the first and last bogies toward the HST center, effectively decreases the drag values of the
head and tail car, while a lower effect is observed on the intermediate cars.
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1 Introduction

Slipstream, characterizing a highly turbulent non-stationary airflow (Sterling et al. 2008),
quantifies the air movement induced by a high-speed train (HST) pass by. This turbulent
slipstream causes velocity and pressure fluctuations, which in turn generates forces act-
ing on nearby passengers, railway workers, track infrastructures, but also deteriorates the
running stability when two HSTs pass each other (Baker et al. 2014a, b). According to
the data published by Popc (2006), more than twenty accidents have occurred in the UK
rail network from 1972 to 2005 because of the effect of train slipstreams on the track-
side workers and passengers waiting on the platform, resulting in life losses and material
damages. However, these effects of slipstream become more serious with the increasing
operational speed of HSTs (Yang et al. 2015; Baker et al. 2001). In most countries with an
advanced high-speed railway transportation system, such as Japan, Germany and France,
the operational speed of HSTs have reached 300 km/h. Even in China, the Chinese standard
EMU has ran up to 350 km/h between Beijing and Shanghai. Thus, the effects of slipstream
requires full attention during the design stage of the HST.

In the past decades, a large number of studies have been conducted on the HST aerody-
namic behavior using four kinds of techniques, e.g. full-scale field tests (Baker et al. 2014a,
2014b), reduced-scale moving model tests (Baker et al. 2001; Gilbert et al. 2013; Bell et al.
2015), wind tunnel tests (Weise et al. 2006; Bell et al. 2014, 20164, b) and numerical simu-
lations using computational fluid dynamics (CFD) (Hemida et al. 2005, 2014; Chen et al.
2019; Flynn et al. 2014). Due to the high cost of human and material resources required,
the full-scale field tests are only used when other methods cannot provide reliable results.
Furthermore, full-scale tests are not suitable in the development phase of new HSTs.
Although the reduced-scale moving model tests can lower the experimental costs and allow
for a better control of the experimental environment, compared to that in the full-scale field
test, the measurements are also sensitive to the experimental equipment and the installation
accuracy. Another alternative technique is wind tunnel test, in which particle image veloci-
metry (PIV), smoke or oil-film visualizations and TFI Cobra probes can be used to obtain
detailed information about the slipstream and the wake flow of a HST (Bell et al. 2014).
However, the relative motion between the HST and the ground is impossible to simulate
in a conventional wind tunnel without a moving-belt (Fago et al. 1991). This significantly
affects the underbody flow (Xia et al. 2017a; Zhang et al. 2016; Wang et al. 2018a) as
well as the distribution of slipstream velocities (Bell et al. 2016a, 2016b). With the rapid
development of the computer technology, CFD has been widely utilized to investigate the
flow characteristics near a HST, such as the underbody flow (Wang et al. 2018a, b), the
slipstream (Guo et al. 2018; Wang et al. 2019b) and the wake flow (Xia et al. 2017b; Chen
et al. 2019). In fact, nowadays CFD is able to produce reliable results giving the possibility
to investigate a multitude of variables and flow structures around the model considered.

Previous studies have shown that the HST’s aerodynamic performance is mainly decided
by the geometry, such as the slenderness ratio, the height of the nose tip, the width of the
windshields and the change rate in the cross-sectional area of the head and tail car (Guo
et al. 2018; Wang et al. 2018b; Xie et al. 2018; Bell et al. 2017). Moreover, the key design-
ing parameters of the underbody structures, such as the cowcatcher shape (Niu et al. 2017),
the inclined angle of the equipment cabin cover (Zhang et al. 2018a), the bogie complexity
(Dong et al. 2019), the bogie cavity length (Wang et al. 2020), and the bogie fairing con-
figuration (Wang et al. 2019a, b) have been found to play a dominant role on the turbulent
flow structures beneath the HST, which thus significantly affects the train slipstream, wake
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flow and aerodynamic forces. In countries with advanced high-speed railway systems, dif-
ferent types of HSTs with different positions of the first and last bogie are employed for the
tasks of passenger transportation, as shown in Fig. 1. The installation positions of the first
and last bogies greatly alters the underbody flow characteristics, thereby influencing the
aerodynamic performance of the HST. Thus, this paper aims to compare the aerodynamic
drag, slipstream and wake flow between HSTs with different positions of the first and last
bogie, and to verify whether, and possibly how, the bogie position affects the aerodynamic
performance of the HSTs considered. The key findings in the present study can also pro-
vide guidance for the vehicle engineers when developing a new HST. The concrete motiva-
tions of this study are summarized as below:

e The slipstream velocity and pressure distribution of the side flow of three HST con-
figurations with different positions of the first and last bogies are studied, to explore
how the downstream movement of the first bogie affects the safety level of the trackside
workers and the passengers standing on the platform.

e The longitudinal vortex structures behind the HSTs are investigated for the three con-
sidered cases, to analyze how the upstream movement of the last bogie influences the
wake flow.

e The aerodynamic drag values of HSTs with different bogie positions are compared, to
identify whether the displacement of the first and last bogies in the streamwise direction
contributes to a decreased propulsion energy.

The rest of the paper is organized as follows: in Sect. 2, the geometry, computational
domain, boundary conditions, meshes, the results of the grid independence study, numeri-
cal method and algorithm validation are given. In Sect. 3, the slipstream velocity and pres-
sure, wake structures and aerodynamic drag are analyzed for HSTs with different bogie
positions. Finally, conclusions are drawn in Sect. 4.

2 Methodology

2.1 Geometry Models

To meet the standards for a valid slipstream measurement, the overall length of a HST
should be at least 120 m and include at least a head car, two intermediate cars and a tail

car (CEN European Standard 2013). Thus, a five-car grouped CRH2 HST model was
adopted in the present study, as shown in Fig. 2a. In order to validate the accuracy of the

Fig. 1 HSTs with various positions of the first and last bogies in the countries having advanced high-speed
railway system: a CRH3 in China, b AGV in Italy, and ¢ N700 in Japan (Wikimedia 2006)
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Fig.2 HST models used in the numerical simulations: a original HST model, b comparison of different
positions of the first and last bogies in three cases, and ¢ bogie model

resolution of the mesh and methodology, the numerical results are compared with experi-
mental results published by Zhang et al. (2018b). Thus, the same scale ratio of HST model
of 0.125 was used in both wind tunnel tests and current numerical simulations. The height,
defined as the characteristic length in the present numerical simulation, is H=0.4625 m.
The total length (L) and width (W) normalized by H are L=34.42H and W=0.91H, respec-
tively. To investigate the influence of the positions of the first and last bogie on the aero-
dynamic performance of the HSTs, two kinds of bogie positions were selected based on
the original HST geometry (Case 1), as illustrated in Fig. 2b. This was done by moving
downstream the first bogie and upstream the last bogie with a distance of 50% (Case 2) and
100% (Case 3) of the distance between two wheel axes D=68H (see Fig. 2¢).

2.2 Computational Domain and Boundary Conditions

Figure 3 presents the computational domain and the related boundary conditions used for
all numerical simulations. A uniform incoming flow with speed U,,=60 m/s is applied
at the inlet, keeping the same Reynolds number used in the wind tunnel test (Zhang et al.
2018b). The Reynolds number was calculated based on the HST width H and incoming
flow speed U,,, being Re=1.85X 10°. A zero static pressure is given at the outlet. The
lateral and upper walls are set as symmetry. The HST model is placed on a single-track bal-
last and rail (STBR) scenario (CEN European Standard 2013). The surfaces of HST model
were treated as no-slip stationary walls, and the STBR and lower wall were set as no-slip
moving walls with the same speed as the incoming flow. The dimensions of the domain
and the positions of the HST model are described in Table 1 and Fig. 3.

2.3 Meshing Strategy

A hexahedral dominated mesh is designed for the numerical simulations. This type of mesh
has been widely used for the numerical predictions of the aerodynamic forces (Niu et al. 2017,
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Wang et al. 2019a, 2020; Zhang et al. 2018a), slipstream (Dong et al. 2019, 2020; Wang
et al. 2019b) and wake flows of HSTs (Chen et al. 2019; Li et al. 2019; Xia et al. 2017a).
Fifteen prism layers are used to accurately predict the turbulent boundary layer develop-
ment along the HST, and the stretching ratio of the prism layers is set as 1.25, ensuring a
good transition between the prism layers and the hexahedral mesh region, as described in
Fig. 4b. Furthermore, two refinement boxes are used around the HST and in the wake region,
as illustrated by the blue and magenta boxes in Fig. 4c, d. Specifically, the first refinement
box (the magenta box) is adopted for refining the mesh resolution in the underbody region
and wake region. The second refinement box is applied to refine the computational meshes
around the HST. A coarse, a medium and a fine meshes are used to investigate the mesh inde-
pendence of the numerical predictions. The mesh was not refined in the wall-normal direc-
tion (n*) but only along the spanwise direction (Al*) and streamwise direction (As™). Here,
nt =u.n/v, Ast =u As/vand Al* = u_Al/v, where u,_ is the friction velocity, n is the dis-
tance between the first node and the HST surface in the wall-normal direction, A/ and As are
the HST surface cell sizes in the streamwise and spanwise directions, and v is the kinetic vis-
cosity. Table 2 describes the main features of each utilized mesh. The n::wn, As;m and Al;wn
are the mean values of the n*, AI* and As* all over the surface of the model. In particular,
nt  was lower than 1.0. Only few elements at the streamlined part of the head car and sharp
edges of the cowcatchers give n' values larger than 1.0 but lower than 2.3.

Table 3 shows the comparison of the drag force values of car 1 obtained by the current
IDDES simulations with different grids on Case 1 (original model), previous wind tunnel tests
(Zhang et al. 2018b) at Re=1.85x 10°. Note that the ground and STBR were set as stationary
wall to reproduce the ground condition in the wind tunnel tests. The non-dimensional coeffi-
cient of aerodynamic drag is defined by Eq. (1).

C, = Fd/(O.SprefS) )
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Fig.4 Configuration of the medium computational mesh: a mesh distribution on the HST surface and
STBR, b prism layers around the HST. Description of the refinement boxes: ¢ side view, and d top view.
Magenta box: the first refinement box, blue box: the second refinement box

D o he Grids  my,, . A, Av AL, AL Sie
computational mesnes : . .

Coarse <1.0 23 <190 360 <190 360 32 million
Medium < 1.0 23 <130 250 <130 250 58 million
Fine <10 23 <100 180 <100 180 80 million

where F; is the aerodynamic drag force. C, is the aerodynamic drag coefficient. p is the
constant air density (taken as 1.225 kg/m>"). U, is the incoming flow speed, which is set
as 60 m/s. S is the reference area, and S=0.175 m.

It can be seen from Table 3 that drag coefficients of head, C,,. ;, predicted by the coarse
mesh shows a larger error compared to that obtained by the fine mesh, while the medium
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Table.3 Comparison betyveen Method Grids Coeart
experimental and numerical
results IDDES simulation Coarse mesh (32 million) 0.138
(current study) Medium mesh (58 million) 0.144
Fine mesh (80 million) 0.145
Wind tunnel test - 0.145

(Zhang et al. 2018b)

mesh shows a good agreement with the fine case. The drag coefficients calculated by the cur-
rent IDDES simulations are close to that obtained in the wind tunnel tests, and the maximum
difference between the numerical results and the experimental data is less than 1% in both
medium and fine grid cases. Thus, the medium mesh resolution and the current methodology
is sufficient to obtain good prediction of aerodynamic drag of the HST.

Figure 5 compares the time-averaged slipstream velocity predicted by the coarse, medium
and fine meshes along a line parallel to HST direction at the distance of 2 m from the centre of
rail (COR) 1.4 m from the top of rail (TOR). The non-dimensional results of slipstream veloc-
ity U is defined by Eq. (2), in which u and v are the velocity components along the stream-
wise direction and spanwise direction, respectively. The time-averaged slipstream velocity
predicted using the coarse mesh exhibits a larger deviation around the intermediate cars, while
the medium resolution shows good agreement with the fine case, indicating an adequate mesh
resolution of the medium mesh for the prediction of the slipstream. Combing with the mesh
independence study on the aerodynamic drag and slipstream velocity, the medium mesh is
found to have an adequate resolution and therefore will be used in all numerical simulations in

the present study.
\/ (U, —)* +12
- 2

Uref

U:

2.4 Numerical Method

In this study, the IDDES with Shear-Stress Transport k- turbulence model has been used
to investigate the bogie position effects on the HST aerodynamics. This methodology
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Fig.5 Comparison of time-averaged slipstream velocity (U) along the streamwise sampling line located at
2 m from the COR and 1.4 m from the TOR predicted using different mesh resolutions
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combines the advantages of the delayed detached eddy simulation (DDES) and the wall-
modelled large eddy simulation (WMLES) (Shur et al. 2008). The DDES is derived from
the DES method by introducing a delay function to prevent the LES method from being
used in the boundary layer and to ensure that the Reynolds-averaged Navier—Stokes equa-
tions (RANS) are used to model the boundary layer. The present IDDES employs a modi-
fication of the length scale of the dissipation rate term in the turbulent kinetic energy
transport equation of Menter’s k-w model (Menter 2012; Ghasemian and Nejat 2015). The
length scale of the IDDES can effectively reduce the sub-grid viscosity in the log layer
when compared to that of DDES. Furthermore, the WMLES model is designed to reduce
the Reynolds number dependency and to allow the LES simulation of wall boundary layers
at much higher Reynolds numbers than the standard LES models (Shur et al. 2008). As a
typical hybrid turbulence model, the IDDES uses Reynolds-Averaged Navier—Stokes simu-
lations (RANS) to simulate the boundary layer near the walls and utilizes the Large Eddy
Simulation (LES) to capture the large-scale turbulent flow away from the walls. The com-
prehensive explanation and details of the IDDES method has been given by Spalart (2009).
The IDDES method has been widely used in previous related studies, showing itself as a
successful tool for HST flow predictions. Some examples consists in drag assessment (Niu
et al. 2017; Wang et al. 2019a, 2020), slipstream prediction (Dong et al. 2020; Wang et al.
2018b, 2019b), underbody flow (Xia et al. 2017a; Wang et al. 2018a; Dong et al. 2019a),
wake flow analysis (Xia et al. 2017b; Zhou et al. 2019; Chen et al. 2019; Li et al. 2019) and
aeroacoustic prediction (Minelli et al. 2020).

The governing equations were solved using the commercial finite-volume CFD software
ANSYS FLUENT. The Finite Volume Method (FVM) based on cell centres was adopted
for the discretization of the controlling equations. Simulations were performed using a
pressure-based solver. The SIMPLE (Semi-Implicit Method for Pressure-Linked Equa-
tions) algorithm was used to update the pressure and velocity fields. The bounded central
differencing scheme and the second-order upwind scheme were used to solve the momen-
tum equation and the k-w equations, respectively. The second-order implicit scheme was
used for the temporal advancement. The time derivative is discretized using the bounded
second-order implicit scheme for unsteady flow calculations. The physical time step
At=5x%107> 5. The CFL number was less than 1.0 in more than 99% of the computational
cells during the entire simulations, with the maximum value of 3.0. All the cases were
initially run for a non-dimensional time ¢ = tU,,/H=60 to make the flow fully developed,
as shown in Fig. 6. After that, the averaging of the flow variables was initiated for the
purpose of obtaining the flow statistics. The computational cost is also provided herein,
which might be of interest to vehicle engineers when conducting a CFD analysis on train
aerodynamics. All of the numerical simulations were performed using Intel-Xeon E5-2699
processors (2.40 GHz). The computational cost of each case is approximately 38,000 CPU
hours.

2.5 Numerical Validation

To validate the accuracy of the current numerical method for predicting the aerodynamic
drag, surface pressure distribution and slipstream of HSTs, the IDDES results are com-
pared with the results from wind tunnel tests, full-scale field tests and reduced-scale mov-
ing-model tests, to make the numerical investigations more convincing. Firstly, the drag
coefficient and surface pressure distribution on the upper centerline of the head car are
compared with the experimental results measured by Zhang et al. (2018b) in a 8 mX6 m
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Fig.6 Time history curves of 0.8
Cd—car 1 Cd—car 20 Cd—car 3> Cd—car4 gar ;
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wind tunnel of the China Aerodynamics Research and Development Center. The wind tun-
nel setup and other experimental details can be found in Zhang et al. (2018b). Then, the
comparison of the slipstream pressure between IDDES results and full-scale test results
is done. The full-scale field tests were conducted on the Wuhan-Guangzhou high-speed
railway line in China. The slipstream velocity distribution at the trackside position of an
ICE3 HST predicted by the current numerical method is also compared with the existing
reduced-scale moving model experimental data measured at the German aerospace center
DLR (Bell et al. 2015). Note that two kinds of ground conditions are adopted in this sec-
tion. For validating the IDDES results against the wind tunnel test results, the stationary
STBR and ground were used. While the STBR and ground were set as moving walls with
the same speed applied at the inlet when the IDDES results are compared to the full-scale
field tests and the reduced-scale moving model tests.

2.5.1 Aerodynamic Force

Table 3 presents a comparison of the drag force obtained from the current numerical simu-
lation and previous wind tunnel tests (Zhang et al. 2018b). The drag coefficients of car 1,
C.car 1» calculated by numerical simulations are close to that obtained in the wind tunnel
tests, and the maximum difference between the numerical and experimental results is less
than 1% in both medium and fine grid cases. Moreover, the values of the drag coefficients
of the head car from the simulations conducted on medium and fine grids are close to pre-
vious numerical results (Zhang et al. 2018a). Thus, the present numerical resolution of the
mesh and methodology is sufficient to obtain a good prediction of aerodynamic drag.

2.5.2 Surface Pressure Distribution

Figure 7 compares the distribution of pressure coefficients along the upper centerline line
of the head car between the numerical results predicted using the medium mesh and the
experimental data. The pressure coefficients C, is defined by Eq. (3), where P is the time-
averaged surface pressure and P, is the static pressure of the wind tunnel test section. Gen-
erally, the numerical results are in good agreement with the experimental data, except for
the positions where the curvature varies abruptly. Thus, the present numerical method and
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Fig.7 Comparison of time- 1.0

averaged pressure coefficients O Experimental results
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medium mesh resolution is sufficient to obtain an accurate prediction of the pressure distri-
bution of the HST.

P-P,
P05, Q)

2.5.3 Slipstream Pressure

To validate the accuracy of the current IDDES method for the prediction of the slipstream
pressure around the HST, the numerical results are validated against the full-scale field
test data. The full-scale field tests were conducted on the Wuhan-Guangzhou high-speed
railway line by the Chinese Academy of Railway Science and Central South University.
Figure 8 presents experimental instruments and their installation position. The pressure
sensor was placed on the gravity centre of a human dummy, located at a distance of 3.15 m
from the COR and 1.4 m from the TOR. The speed of the passing full-scale CRH2 HST
was 350 km/h, yielding a high Reynolds number of Re=2.4x 10”. Previous studies have
shown that the results do not change significantly with increasing Reynolds number if the
Reynolds number exceeds the critical value of 3x 10° (Sterling et al. 2008; Hemida and
Krajnovic 2010; Zhang et al. 2017). The Reynolds number in the full-scale tests (2.4 x 107)
and numerical simulation (1.85x 10°%) are far greater than this critical value, and there-
fore the full-scaled test results are used to validate the accuracy of the present numerical
predictions.

Figure 9 shows the comparison of pressure coefficients distribution obtained from
IDDES simulation and the full-scale field test. The streamwise monitoring line in the
IDDES simulation is located at the position of 1.4 m from TOR and 3.15 m from COR,
and the installation position of pressure sensor is shown in Fig. 8. In the full-scale test,
the CRH2 HST consisted of eight cars, while only five cars were used in the IDDES simu-
lation with the aim to reduce the computational cost. This leads to an equivalent gap to
three intermediate cars in the numerical results in Fig. 9. It should be noted that pressure
coefficients measured in the full-scale experiment are the instantaneous value, while the
one predicted by IDDES are time-averaged results. It can be seen from the comparison
in Fig. 9 that the numerical results are close to the experimental results. In particular, the
peak-to-peak value of pressure coefficients caused by the passing of the head and the tail
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Fig. 8 Instruments and their installation in the full-scale field test: a installation positions of the instru-
ments; and b details of the pressure sensor and the human dummy
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——IDDES simulation
0.08 - -- Full-scale field test
Flow Development Region Walke Propagation Regio
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2 N
O 0.00 :
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Distance to train nose (m)

Fig.9 Comparison of time-averaged pressure coefficients (C,) calculated by IDDES simulation and instan-
taneous C, measured in full-scale field test. The sampling line locates at the distance of 1.4 m from TOR
and 3.15 m from COR

cars differs less than 2%, indicating an accurate prediction of the slipstream pressure distri-
bution of the current numerical method.

2.5.4 Slipstream Velocity

In order to validate the slipstream prediction against available experimental data, the same
meshing technique with medium resolution and the numerical method is used on an ICE3
HST. The geometry models of ICE3 HST used in the reduced-scale moving model tests
and numerical simulation are presented in Fig. 10. The scale ratio of the ICE3 HST is
0.125, and its height is #=0.485 m and the total length (/) and width (w) are /=19.73 h and
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(b)

Fig. 10 ICE3 HST geometry model used for the validation of the slipstream velocity: a taken from the
reduced-scale moving model tests (Bell et al. 2015), and b taken from the numerical simulation

Moving model test (Bell et al., 2015)
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3, Flow development region| Wake propagation region g 015
£ 0.5 i i e k-
| | eal
E ! ! 3 0.10
S 0.10 ! ! T
£ ! ]
2 | } g 0.05
£ X
& 0.05 1 %
| 1
| |
0.00 L - L - - - 0.00
-50 0 50 100 150 200 250 -50 0 50 100 150 200 250
Distance from the train nose (m) Distance from the train nose (m)
(@ (b)

Fig. 11 Comparison of ensemble-averaged slipstream velocity U and standard deviation o at the trackside
position between the current IDDES simulation and reduced-scale moving model test: a ensemble-averaged
slipstream velocity U, and b standard deviation &

w=0.76 h, respectively. The ensemble-averaged slipstream velocity and standard deviation
at the trackside measurement position beside the ICE3 HST are compared with the exist-
ing data from reduced-scale moving model tests (Bell et al. 2015) at the same Reynolds
number (Re=3.3 x 10%). The moving model tests were carried out at the German aerospace
center DLR, and more detailed experimental information has been provided in Bell et al.
(2015). Additionally, the distance from the nose of head car presented in Fig. 11 is given at
full-scale in both numerical and experimental data.

As seen from the reduced-scale moving model test data in Fig. 11a, the slipstream
velocity at the trackside position increases rapidly and forms Peak A in the vicinity of the
head car. This is followed by a sudden decrease and gradual growth of the velocity along
the intermediate cars in the Flow development region. The value of the slipstream velocity
increases rapidly again at the streamlined part of the tail car and contributes to Peak B. In
the wake propagation region, the slipstream velocity increases as expected and then attenu-
ates with the increasing distance from the tail nose, resulting in Peak C in the near wake
region. Figure 11a shows that the IDDES simulation closely captures the Peak A located at
the head car, Peak B around the tail car and Peak C in the near wake region. Besides, the
IDDES simulation also accurately captures the gradual increasing trend of the slipstream
velocity in the Flow development region and a similar attenuation trend, downstream of
Peak C, in the Wake propagation region. In particular, the value of Peak A predicted by the
IDDES simulation shows less than 1% difference as compared to the experimental results,

@ Springer



Flow, Turbulence and Combustion (2021) 107:257-282 269

indicating an accurate prediction of slipstream distributions in the current numerical simu-
lation. Additionally, in Fig. 11b the IDDES simulation presents a highly similar trend of
slipstream standard deviation, at the trackside position, compared to the reduced-scale
moving model experimental results. In conclusion, the overall good agreements with the
wind tunnel test (aerodynamic drag and surface pressure coefficient), the full-scale field
test (slipstream pressure) and reduced-scale moving model test (slipstream velocity) allow
us to select the current numerical method and medium mesh resolution to investigate the
bogie position effects on the aerodynamic behavior of the CRH2 HST.

3 Results and Discussion
3.1 The Instantaneous Flow Structures

To provide an intuitive understanding of the bogie position on the flow characteristics
around the HST, the instantaneous vortex structures around the HST are qualitatively com-
pared for three cases, using the iso-surfaces of the second invariant of the velocity gradi-
ent for 0=60,000, colored by the slipstream velocity U in Fig. 12. Figure 12 shows that
the distribution of the vortices around bogie 1 and near the wake region in three cases
are clearly different, indicating the dominant effect of the positions of the first and last
bogie on the local flow structures. As highlighted by C/ in Fig. 12, Case 1 has a higher
flow range of the vortices generated near bogie 1, along the vertical direction, than that in
Case 2 and Case 3, and the scale of the vortices in Case 1 are significantly larger than that
in Case 2, while Case 3 shows the smallest. Previous studies (Zhang et al. 2018a; Wang
et al. 2019b) have found that the velocity of the underbody flow decreases along the flow
direction. Case 1 and Case 3 have the shortest and longest distance between the front cow-
catcher tip and the first bogie, respectively, resulting in the highest and lowest velocity dis-
tribution around bogie 1. The airflow with higher speed in Case 1 directly impacts on the
windward surface of the first bogie and the rear plate of the bogie cavity, generating more
turbulent local flow structures, as shown in C/. Another observation in Fig. 12 is that Case
1 shows the most turbulent flow in the near wake region, where the wake vortices in Case
1 are turned up while they tend to be closer to the STBR in Case 2 and Case 3. Moreover,

Fig. 12 Instantaneous flow structures around the HST. Iso-surfaces of the second invariant of the velocity
0=60,000 colored by the time-averaged slipstream velocity
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the height of the wake flow in Case 1 is the highest and Case 3 shows the lowest wake vor-
tices. Furthermore, Case 1 and Case 3 have the highest and lowest, respectively, slipstream
velocity distribution in the near wake region, showing the largest and smallest yellow area,
as compared by C2 in Fig. 12.

3.2 The Slipstream Velocity

In this paper, the time-averaged slipstream velocity and pressure distribution along the
streamwise sampling lines will be discussed. In order to provide an intuitive understanding,
all the measurement positions of the streamwise sampling lines are presented in full scale,
see in Fig. 13.

Figure 14 compares the time-averaged slipstream velocity at various distance from the
COR at the trackside and platform heights. In this figure, the maximum values of the slip-
stream velocity are highlighted for further comparison. The general observation in Fig. 14
is that a sharp peak of time-averaged slipstream velocity occurs near the head nose. After
that, the time-averaged slipstream velocity decreases sharply followed by a gradual recov-
ery along the HST direction, similar to that reported by Guo et al. (2018) and Li et al.
(2019). This can be ascribed with the boundary layer distribution around the HST, as
shown in Fig. 15, in which the thickness of boundary layer at both trackside and platform
height grows along the HST length direction. The thicker boundary layer will determine
a higher velocity of the slipstream around the HST (Xia et al. 2017). In Fig. 15, Case 1
shows the thickest boundary layer distribution, while it becomes thinnest in Case 3. This
explains the highest slipstream velocity in Case 1 and the lowest in Case 3. The values
of time-averaged slipstream velocity at both trackside and platform heights decrease with
increasing distance from COR. Compared with the distribution of slipstream velocity at

Fig. 13 Positions of streamwise 1.5m
monitoring lines of slipstream 1.0m
velocity and pressure distribution 0.5m
around the HST. Hollow pink Sd 5.0m
circle: the trackside position;
hollow pink square: platform 4.5m
position, proposed by TSI (TSI 4.0m
HSRST 2008)
3.5m
3.0m
2.5m
2.0m
i+ 1.4m
1.0m
TOR ® 0.2m
0.0m
2.0m
2.5m
3.0m
3.5m
4.0m
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Fig. 14 Comparison of the time-averaged slipstream velocity distribution along the streamwise sampling
lines located at a distance of 2.0 m, 2.5 m, 3.0 m, 3.5 m and 4.0 m from the COR at the trackside height
(left side) and the platform height (right side)

platform height, the trackside data shows a more complex plot due to the complexity of the
bogie. Moreover, the values of slipstream velocity at trackside height are much higher than
that at platform height, due to the thicker boundary layer distribution observed near the
tracks in Fig. 15. For the same distance from COR, the difference of the slipstream velocity
between three cases at trackside height are larger than that at platform height, indicating a
larger influence of the bogie position on the lower flow field of the HST. Additionally, the
difference of the boundary layer thickness for three cases also indicates a dominant effect
of the bogie position on the aerodynamic drag of the HST, which will be further discussed
in Sect. 3.5.
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Fig. 15 Comparison of boundary layer thickness distribution around the HST on the horizontal planes
located at trackside height and platform height between three cases

To provide a more quantitative analysis of the maximum slipstream velocity distribution
at trackside and platform heights, the maximum values of the slipstream velocity (U,,,,)
on the streamwise sampling lines are compared. The positions of the streamwise sampling
lines are highlighted in Fig. 14. Figure 16 shows that the maximum values at both trackside
and platform heights decrease with the increasing distance from the COR. The differences
of the maximum values at trackside height are clearer than those at platform height. Fur-
thermore, compared to the maximum value of the slipstream velocity at trackside position
(3 m from the COR and 0.2 m from the TOR) in Case 1, it decreases by 7.86% in Case 2
and 12.86% in Case 3. The corresponding figures for the platform position (3 m from the
COR and 1.4 m from the TOR) are 4.36% in Case 2 and 6.18% in Case 3. This indicates
the clear influence of the bogie position on the maximum slipstream velocity at both track-
side position and platform position. The downstream movement of the first bogie is found
to effectively reduce the maximum slipstream velocity at two TSI monitoring positions.
Figure 17 compares the time-averaged slipstream velocity at the distance of 3 m from the
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0.00— 0.00 L cult £ )
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(a) (b)

Fig. 16 Comparison of the maximum values of the slipstream velocity at trackside and platform heights for
the considered cases: a trackside height, and b platform height
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COR and at different distances from the TOR between three cases. It shows that Case 1 has
the highest slipstream velocity while U is the lowest in Case 3. With the increase of the dis-
tance from TOR, the value of the slipstream velocity in three cases decreases clearly, and
the difference of the slipstream velocity caused by the bogie position becomes less obvi-
ous, and it can be neglected as the distance from TOR exceeds 2 m. This confirms that the
bogie positions primarily alter the flow structures around the lower part of the HST.

In order to investigate the influence of the positions of the first and last bogies on the
distribution of maximum value of the slipstream velocity around the HST in the whole
computational domain, the contour of the ratios of U, ,, of Case 2 and Case 3 to U,,,, of
Case 1 are plotted in Fig. 18. The ratio of Case 2 to Case 1, R,_,, is defined by Eq. (4), and
ratio of Case 3 to Case 1, R,_,, is defined by Eq. (5).

U,

_ “max—case 2
RV—I - U (4)
max—case |
U
_ “max—case3
RV—Z - U (5)
max—casel

where U, . case 190 Umax-case 2 AN U o cace 3 aT€ the maximum values of time-averaged slip-
stream velocity along the streamwise sampling lines presented in Fig. 13 in the whole com-
putational domain in three cases. Note that the maximum values used for plotting the con-
tour might occur at different distance from the head nose.

The general findings in Fig. 18 are that the maximum values of the slipstream velocity
around the HST decrease significantly in Case 2 and Case 3, and the distribution of R, _,
in the whole domain has a lower value than that of R,_;. This means that the positions of
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Fig. 17 Comparison of time-averaged slipstream velocity distribution for three cases along the sampling
lines with a distance of 0.2 m, 1.0 m, 1.4 m, 2.0 m, 3.0 m and 4.0 m from the TOR at the distance of 3 m
from the COR
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Fig. 18 Comparison of the distribution characteristics of the maximum values of the slipstream velocity
along the sampling lines near the HST between different cases. (Hollow pink circle: the trackside position;
hollow pink square: platform position)

the first and last bogie play a dominant role on the distribution of the maximum values of
the slipstream velocity around the HST, and the maximum values can be decreased sig-
nificantly by moving downstream the first bogie and upstream the last bogie. Besides, the
maximum values at the trackside positions in Case 3 is far lower than that in Case 2, while
the this is not obvious at the platform position, indicating that the bogie position primarily
affects the distribution characteristics of the maximum value near the lower parts of the
HST. The maximum value in Case 3, from ground to the platform position within the dis-
tance of 2 m from the COR, are much lower than that in cases 1 and 2, which suggests that
Case 3 provides greater security for the trackside workers as the HST passes by. This effect
can be neglected for the passengers standing on the platform. Overall, the maximum values
of the time-averaged slipstream velocity can be decreased significantly and safety of track-
side workers would be significantly improved if the first bogie and last bogie are moved
toward the HST center. These effects becomes more significant with increasing distance of
the bogies from the train noses.

3.3 The Slipstream Pressure

Previous studies (Baker et al. 2014a, b; Bell et al. 2014, 2015) have found that the time-
averaged pressure coefficient increases sharply as the head car passes by. The pressure

L P=P . . S
coefficient is defined as C, = YT where P is the time-averaged pressure distribution
° ref

and P, is the reference pressure. Then, the C, value decreases rapidly due to the accel-
eration effect brought by the streamline shape of the head car on the local airflow. After
that, the second sharp peak of time-averaged pressure occurs near the tail car and the
peak-to-peak values of the pressure coefficient (C,, jea.0-pear) atound the head car are far
higher than that near the tail car. Thus, Fig. 19 presents the comparison of the peak-to-
peak pressure values at the head car for three cases at the trackside and platform heights
among three cases. It shows that peak-to-peak values near the head car at two heights
decrease with increasing distance from the COR, and the differences between peak-to-
peak values at the trackside height are obviously higher than that at the platform height.
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Fig. 19 Comparison of the peak-to-peak pressure values at trackside and platform heights for the consid-
ered cases: a trackside height, and b platform height

The peak-to-peak values around the head car at both trackside height and platform
height decrease significantly in Case 2 and Case 3, when compared to that in Case 1.
Furthermore, the downstream movement of the first bogie in Case 3 shows a larger
reduction of the peak-to-peak value than that of Case 2. In particular, compared to the
peak-to-peak pressure value at trackside position in Case 1, it decreases by 8.32% and
9.86% in Case 2 and Case 3, respectively. The corresponding values for the platform
position are 5.62% in Case 2 and 7.72% in Case 3.

In order to better identify the influence of the positions of the first and the last bogie
on the distribution of the maximum value of the pressure around the HST, the maximum
pressure values in Case 2 (C,, pax-case 2) ald Case 3 (€, paxcase 3) are normalized by the
value obtained in Case 1 (C, yux.case 1)- The obtained results are presented in Fig. 20.
The non-dimensional maximum pressure coefficients in Case 2 (R,_,) and Case 3 (R,_,)
are defined by Eqs. (6) and (7).
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Fig.20 Comparison of the maximum values of pressure coefficients along the sampling lines near the HST
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Fig.21 Time-averaged slipstream velocity in the near wake region of the HST: a slipstream velocity distri- p
bution on the vertical planes located at a distance of x=1H, x=2H and x=3H from the tail nose; b compar-
ison of slipstream distribution on vertical planes between three cases; ¢ slipstream velocity distribution on
the horizontal planes at the trackside and platform height; and d comparison of slipstream velocity distribu-
tion on the horizontal planes. The red solid line: Case 1; blue solid line: Case 2; black solid line: Case 3

C
pmax—case 2
Ry =g—— (6)

‘pmax—case 1

C

pmax—case 3
Rps=g—— )

pmax—casel

where C,, naxcase 15 Cp max-case 2 A0 €y g case 3 A€ the maximum value of time-averaged
slipstream pressure coefficients along the horizontal measurement lines parallel to the HST
length direction in the three cases.

Figure 20 shows that the maximum values of time-averaged pressure around the HST in
Case 2 and Case 3 decrease significantly compared to that in Case 1, especially for Case 3
where the bogies are the farther from the nose tips. The maximum values of pressure at two
TSI positions in Case 3 are lower than that in Case 1 and Case 2. Similar to the observation
done for Fig. 18, the movement of the first and last bogie primarily lowers the maximum
pressure value around the HST at lower position. In addition, with bogie farther away from
the noses a better aerodynamic performance is observed, in terms of improving the safety
level of the trackside workers.

3.4 The Wake Flow

Figure 21 presents the distribution characteristics of the time-averaged slipstream velocity
in the near wake region. The general observation from Fig. 21a is that the high-speed slip-
stream mainly distributes within the HST’s width range in the spanwise direction from the
top of the ballast to the tail nose in the vertical direction. The value of the slipstream veloc-
ity decreases clearly with an increasing distance from the tail nose. Figure 21b compares
the time-averaged slipstream velocity at vertical planes between three cases. Here Case 1
and Case 3 shows the highest and lowest value of the slipstream velocity. Furthermore,
the time-averaged slipstream velocity on the horizontal planes at trackside and platform
heights are presented in Fig. 21c. The value of the slipstream velocity in the near wake
region at trackside height is much higher than that at platform height. For the comparison
of the slipstream velocity in the near wake region at both the trackside and the platform
heights, Case 2 and Case 3 show the lower value of slipstream velocity distribution com-
pared to Case 1. In addition, the differences in the slipstream velocity distribution between
various cases are obvious, with cases 1 and 3, having the largest and the smallest yellow
area, respectively. Thus, the upstream movement of the last bogie can effectively reduce the
slipstream velocity in the near wake region.

Figure 22 depicts the time-averaged velocity streamlines projected on the vertical planes
located at x=1H, x=2H and x=3H from the tail nose. These planes are colored by the
dimensionless streamwise vorticity concentration (0} = @, - H/U,,). A pair of strong
rotating vortices (vortex A; and vortex A,) behind the HST is clearly observed in Fig. 22,
accompanied with a pair of small-scale vortices near the track (vortex B; and vortex B,).
In general, the size of vortex A becomes larger with increasing distance from the tail nose.

@ Springer



Flow, Turbulence and Combustion (2021) 107:257-282 277

U
]

0.00 0.15 030 045 0.60

(b)

Case 1_ trackside height

D =

Case 2_ trackside height

D

Case 3 _ trackside height

@ Springer



278 Flow, Turbulence and Combustion (2021) 107:257-282

a)X
EE s
-2.5 0 2:5
Case 1
vorteX-A; } vorteX A,
= -
Case 2
vortex B; vortex B;
Case 3
vortex C; \ vortex C,

x=1H

Fig.22 Comparison of longitudinal vortex structures between three cases on the vertical planes located at a
distance of x=1 H, x=2 H and x=3 H from the tail nose

Furthermore, vortex C; and vortex C, appear near the STBR at a distance x=1H from the
tail nose and it grows larger with increasing distance from the tail nose, eventually merging
into vortices A; and A,. The size of the large-scale longitudinal vortices A; and A, in Case
1 is slightly larger than that in Case 2 and Case 3, while this difference shows less obvious
with increasing distance between the vertical planes and the tail nose. Moreover, the span-
wise distance between vortex cores of A; and A, in Case 1 is the longest, and Case 3 has
the shortest, indicating a narrower longitudinal vortex with an upstream movement of the
last bogie. This also well explains the small area with high-speed slipstream velocity that
Case 3 presents, especially in the spanwise direction, as shown in Fig. 21b. This is because
the longitudinal vortex structure drives a low-momentum airflow, accompanied with a
high slipstream velocity, which flows outwards from the wake center (Bell et al. 2014; Xia
et al. 2017). The narrow longitudinal vortices in Case 3 contribute to the lowest slipstream
velocity distribution in the near wake region, when compared with that in Case 1 and Case
2. Additionally, the upstream movement of the last bogie can effectively decrease the size
of large-scale longitudinal vortices and thereby contribute to a lower pressure drag (Wang
et al. 2018a, 2019a, 2020; Dong et al. 2020), which will be further compared in Sect. 3.5.

3.5 The Aerodynamic Drag

According to the results presented so far, the movement of the first and the last bogies
toward the HST center in the streamwise direction, significantly affect the boundary
layer thickness and the size of the longitudinal vortex structure, which also indicates a
dominant influence on both the viscous and the pressure drag of the HST (Dong et al.
2020; Wang et al. 2019a, 2020). Thus, in this section, the comparison of the aerody-
namic drag of each car between three cases is conducted. As shown in Fig. 23, the
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Fig.23 Comparison of the aero- 02
dynamic drag values of each car
of the HST between three cases

0.05

Fig. 24 Comparison of the time- 1.3
averaged pressure distribution af@ ﬂ‘J}“ﬁa :J/l"z— m EJ;];Fr TFE“T W X'@
along the bottom centerline of s |

the HST between three cases.

C3: comparison of the positive
pressure distribution on the rear

plates of the first bogie cavity; <
C4: comparison of the positive or
pressure distribution on the rear
plates of the last bogie cavity 05k

movement of the first and last bogies is found to have more influence on reducing the
drag values of the head and tail cars, while a lower effect is observed on the interme-
diate cars. In particular, compared to Case 1, the drag values of the head and tail cars
decrease by 10.26% and 4.64% in Case 2, while Case 3 shows a 17.46% and 10.05%
drag reduction. This is because the rear plates of the first and last bogie cavities in Case
2 and Case 3 experience a weaker impinging airflow and thereby present a clear lower
positive pressure distribution, as shown by the peak values highlighted by C3 and C4
in Fig. 24. This significantly decreases the drag value of the HST (Wang et al. 2019a,
2020; Zhang et al. 2018a). Additionally, compared to the total drag value of the entire
HST in Case 1, a 3.67% in Case 2 and 6.78% in Case 3 decrease is observed. Therefore,
the movement of the first and last bogies is greatly beneficial for saving the energy con-
sumption of a HST.

4 Conclusions

The influence of the position of the first and last bogie on the aerodynamic performance of
a five-car grouped CRH2 HST has been studied using an improved delayed detached-eddy
simulation (IDDES) at Re =1.85x 10%. The results of the numerical simulations have been
validated against experimental data obtained from a previous wind tunnel test, a full-scale
field test and a reduced-scale moving model test. The results are summarized as follows.

@ Springer



280 Flow, Turbulence and Combustion (2021) 107:257-282

1. The movement of the first and last bogies toward the HST center is found to decrease
the boundary layer thickness around the HST, thereby decreasing the time-averaged
slipstream velocity distribution aside and behind the HST, especially at a lower position
near the STBR. For trackside position, the maximum slipstream velocity obtained in
Case 2 and Case 3 are 7.86% and 12.86% lower, respectively, than the corresponding
value for Case 1. The bogie position also changes the distribution characteristics of the
maximum value of the slipstream velocity in the whole domain.

2. The peak-to-peak pressure values occurring at the head car are significantly reduced
with bogies placed farther from the nose tip, compared to the original case (Case 1).
The upstream movement of the last bogie increases the peak-to-peak values near the
tail car, especially for Case 3. For the same distances from the COR and the TOR, the
peak-to-peak values near the tail car are anyway far lower than that near the head car.
Comparing the maximum peak-to-peak pressure values at the trackside position, a 8.32%
reduction in Case 2 and a 9.86% reduction in Case 3 are observed compared to Case 1,
indicating a dominant effect of the first bogie movement. This improves the safety level
of the trackside workers.

3. Compared to Case 1, Case 2 and Case 3 show better aerodynamic performance by
achieving an overall 3.67% and 6.78% drag reduction for the HST. This is because the
movement of the first and last bogies toward the HST center contributes to a smaller
scale longitudinal vortex structure in the near wake region, less impingement on the rear
plates of the cavities caused by the high-speed underbody flow and a thinner boundary
layer distribution around the HST. More specifically, the movement of the first and last
bogies toward the HST center, effectively decreases the drag values of the head and tail
car, while a lower effect is observed on the intermediate cars. In particular, compared
with the original HST model (Case 1), the drag values of the head and tail cars in Case
2 decrease by 10.26% and 4.64%, and the corresponding reduced drag values in Case 3
are 17.46% and 10.05%, respectively.

Overall, this study provides a significant result regarding the effect of the bogie posi-
tions, which not only shows a possible energy savings, but also a safety improvement,
from a train aerodynamics point of view. This information would be considered for fur-
ther applications and possibly integrated into the design of new HST models.

Note that for real HST, the Reynolds number is much higher than that in the present
study. The turbulent incoming flow and detailed train’s bottom geometries will contrib-
ute to the formation of more complex flow structures, especially in the underbody flow
region. Although, the displacement of the first and last bogies towards the HST center
contributes to better aerodynamics performance, its influence on the vehicle system
dynamics, underbody equipment layout, snow accretion in the bogie regions and sand
invasion in the equipment cabins are not discussed. These factors need to be accounted
in the planned future investigations related to the influence of bogie position on the
aerodynamic behaviours when, for example, a HST runs under strong crosswind.
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