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ABSTRACT

Bogies are significant contributors to the aerodynamic resistance of high-speed trains, making them
key areas of consideration for flow control and optimization. This study applied an air jet slot
positioned in front of the leading bogie to explore its effectiveness in reducing the train’s aerody-
namic resistance under Reynolds number (Re) of 2.64 x 10°. The SST k-w-based Improved Delayed
Detached Eddy Simulation (IDDES) turbulence model was utilized to study the effects of various jet
velocities and angles on the transient and time-averaged flow change underneath the train, as well
as their correlations with aerodynamic drag reduction rates (J). Results indicate that the J exhibits a
notable upward trajectory with increasing jet velocity, followed by a slight decline once the jet veloc-
ity exceeds 0.8U (the train speed) at jet angles below 75°. Moreover, the increase of jet velocity results
in a significant decrease in slipstream velocities but an increase in turbulent vorticity, intensity and
kinetic energy underneath the leading bogie after the jet slot. The impact of jet angle is compara-
tively less pronounced than that of jet velocity, the disparity in drag reduction rates caused by varying
jetangles remains within a range of 2.4% at a specific jet velocity, and the mean slipstreams and tur-
bulent variables demonstrate minimal changes with varying jet angles. Optimal aerodynamic drag
reduction is achieved with an air jet velocity of 0.8U and an angle of 15°, which is 6.43% for the whole
train. The results presented in this paper suggest a new aerodynamic drag reduction method based
on active flow control, providing engineering implications for the energy-efficient development of
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high-speed trains.

1. Introduction

Advancements in train speeds have increased aero-
dynamic drag and noise, causing higher energy con-
sumption and environmental pollution. These challenges
greatly hinder the further speed increase and sustain-
able development of high-speed trains (HSTs) (Mufioz-
Paniagua & Garcia, 2020). As a crucial element that
affects the train’s operation safety and stability, the bogie
possesses complicated structures that generate violent
flow separations and interactions. These flow phenomena
significantly contribute to aerodynamic resistance and
noise generation (Jonsson et al., 2014; Thompson et al.,
2015; Wang et al., 2018; Zhu & Hu, 2017). Therefore, the
bogie region has become a key consideration area for flow
control and optimization.

In recent years, numerous scholars have endeavoured
to enhance the aerodynamic efficiency of trains through
optimization of bogie region configurations. Gao et al.
(2019) discovered that positions of bogies significantly

affect the underbody flow of the train, rearward reloca-
tion of the bogie was found to be an effective strategy for
reducing aerodynamic drag. Zhang, Wang, et al. (2018)
investigated the impact of the bogie’s cut-outs angle on
the wake flow and proposed a novel compound bogie
cut-outs design, achieving a 2.92% reduction in aero-
dynamic drag for a train consisting of three coaches.
Wang et al. (2019) achieved a 12.5% reduction in drag
by implementing full-size bogie fairings. The effective-
ness of bogie fairings and enclosed bottom plates has
also been confirmed by (Deng et al., 2024). Further-
more, Wang et al. (2020) revealed that Jacob’s bogies
successfully mitigated the slipstream velocity adjacent to
the track and decreased the aerodynamic drag by 10%,
exhibiting commendable efficacy in improving trackside
safety. Dai et al. (2024) applied shields beneath bogies
and got a considerable aerodynamic reduction of 37.7%.
Liu et al. (2024) designed a wedge-shaped deflector at
the bottom of the frontal bogie, in conjunction with
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an optimized streamlined shape, a notable decrease of
5.87% in the aerodynamic drag was obtained. Zhang et al.
(2023a) applied diversion slots near the bogie cavities of
the HST. The diversion slots deflected the airflow from
entering the bogie regions, reaching a maximum reduc-
tion of 9.4% in the aerodynamic drag of the tail. Some
scholars have explored the application of vortex gener-
ators in various regions of trains for purposes of flow
control and aerodynamic drag reduction (Du et al., 2022;
Li et al., 2023; Zhang et al., 2023b, 2024).

The active flow control method has been proven to
be another effective way of optimizing the aerodynam-
ics of moving objects. Yousefi et al. (2014b, 2014a, 2015)
applied tangential/perpendicular sucking or blowing on
a NACA 0012 airfoil, effects of the jet locations, widths
and lengths on the aerodynamic performance of the air-
foil were evaluated. Findings in these studies indicated
that tangential blowing at the trailing edge with larger
jet widths and centre sucking at the leading edge of the
wing’s upper surface with longer jet lengths (greater than
half the wingspan) was effective in increasing the lift-to-
drag ratio of the airfoil. Wang et al. (2022) also experi-
mentally studied the effects of blowing and suction jets
on the aerodynamic characteristics of a NACA0012 air-
foil, and got the best performance in lift with a single
blowing jet located 0.2 times the chord length from the
leading edge. Guo et al. (2023) confirmed that air blowing
at the base of a flat plate with a blunt trailing edge effec-
tively decreased the turbulent kinetic energy in the near-
wake region, and successfully reduced both the amplitude
and bandwidth of aerodynamic noise. Currently, scholars
have attempted to employ active flow control techniques
to optimize the HST’s aerodynamic performance. Chen
et al. (2023) reduced the aerodynamic drag by 10.78%
through implementing air-blowing slots on the stream-
lined head and tail noses of a three-coach train. Che
et al. (2023b) applied air-blowing/sucking holes on the
rear coach and got a reduction of 8.69% in aerodynamic
drag and 30.4% in lift for the tail car. Che et al. (2023a)
also implemented air-blowing slot in the side transition
region of the streamlined tail and got a drag reduction of
6.53% for a maglev train with three cars. Similarly, Cui
et al. (2023) employed a combined air suction-blowing
approach at the rear of a 400 km/h EMU and found that
sucking on the upper separation region and blowing on
the bottom nose region significantly mitigated the pres-
sure drag experienced by the tail car. Mitsumoji et al.
(2014) effectively mitigated the aerodynamic noise of
pantographs through the utilization of a plasma actua-
tor, and Huang et al. (2024) introduced an air jet in front
of pantographs to successfully reduce the aerodynamic
drag of pantographs. Additionally, the active flow control
strategy was applied to improve the safety of trains when

encountering strong crosswind conditions (Chen et al.,
2022; Chen et al., 2024; Li et al., 2018).

Previous studies have been dedicated to develop-
ing passive flow control methods such as fairings and
shields around bogies to optimize the aerodynamic per-
formance of HSTs. Although full-size fairing measures
could achieve a significant reduction in aerodynamic
resistance, they are not conducive to heat dissipation
and ventilation in bogie areas. Furthermore, the spatial
constraints in the bogie region limit the potential of sig-
nificant advancements in large-scale shape optimizations
and extra deflector installations, posing challenges to
innovative breakthroughs. Experimental and numerical
studies have proved that air-blowing/sucking technology
has significant potential in controlling and optimizing the
aerodynamics both for ground vehicles and air vehicles.
However, this method has not yet been applied in the
bogie area. Some scholars have done some investigation
in controlling the cavity flow by active method, e.g. Choi
and Lee (2023) applied a transverse slot in the upstream
region of the cavity leading edge, decreasing the pres-
sure fluctuation on the cavity wall. Melih et al. (2023) also
numerically studied the effects of active mass flow inject-
ing on the aerodynamic performance of an M219 cavity,
effectiveness of flow optimization and noise suppression
were verified. These studies inspired us to conduct inves-
tigations on applications of air blowing in front of the
bogie cavity.

Aiming to optimize the flow behaviour in the bogie
region and mitigate the aerodynamic forces encountered
by trains, this paper proposed an active flow control
approach by applying a jet slot positioned in front of
the leading bogie, effects of various jet velocities, angles
on the aerodynamic drag coefficient, as well as varia-
tion in field velocities and surface pressures were inves-
tigated numerically. The paper begins with an introduc-
tion of the numerical model in Section 2, grid refine-
ment analysis and experimental validation are conducted
for the uncontrolled case before comprehensive simula-
tions with varying control parameters. The aerodynamic
drag and underbody slipstream of the HST under dif-
ferent jet velocities and angles are analyzed in Sections
3 and 4. Conclusions and future studies are discussed in
section 5. The outcomes are expected to make a valuable
contribution to the energy conservation and sustainable
development of HSTs.

2. Methodology
2.1. Geometries

The study utilized a typical HST model of the CRH
(China Railway High-speed) series consisting of three
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Figure 1. Geometry and dimension of the train model.
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Figure 2. Positions and dimensions of jet slots in front of the leading bogie.

coaches with intricate bogie structures, as indicated in
Figure 1(a) and (b). Dimensions of the train include
a height (H) of 3.70m, a width of 0.91H, and a total
length of 21.35H. Bogies are located in rectangular cav-
ities, detailed dimensions and locations of bogies and
cavities are provided in Figure 1(a-c).

According to statistics, the bogie region accounts for
27.4% of the overall aerodynamic resistance in an eight-
car HST, with the leading bogie exhibiting significantly
higher resistance compared to the remaining bogies (Yao
et al,, 2012). Therefore, the jet slot was positioned in
front of the leading bogie at a distance of 60 mm from
the frontal plate of the cavity, with a fixed height of
30mm and width of 10mm, as depicted in Figure 2.
Effects of various jet velocities (Vjet), and jet angles (&) on
the flow behaviour and aerodynamic drag of trains were
investigated.

The Finite Volume Method (FVM) is commonly
employed for CFD calculations (Aultman et al., 2022).
As shown in Figure 3, to simulate the infinite space sur-
rounding the train using a limited domain, a cuboid
(Domain 1) with dimensions of 32H and 16H in width
and height, respectively, was established. The train was
displaced at the spanwise centre of the cuboid with a
distance of 27H from the domain entrance, leaving a
sufficient downstream distance (approximately 60H) to
the exit to ensure full development of the wake flow.
Although the dimensions of the cuboid were selected

to satisfy the requirement outlined in the CEN Euro-
pean Standard (2013) and Chinese TB Standard (China
National Railway Administration, 2018), a larger domain
(Domain 2) with upstream distance extended to 42H
(approximately 6 times the length of a coach) and the
downstream distance extended to 112H (approximately
16 times the length of a coach) was also conducted to ver-
ify the adequacy of the domain length. A velocity-inlet
boundary condition was imposed on the entrance with
a uniform velocity equivalent to the speed of the train
(U), while the opposite exit was specified as a pressure
outlet. The lateral and upper boundaries were defined as
symmetry planes (Chen et al., 2023; Guo et al,, 2024; Li
etal., 2021; Liang et al., 2020; Mufioz-Paniagua & Garcia,
2020), whereas lower surface was designated as a slipping
wall with velocity consistent with the velocity inlet.

2.2. Grid strategy

The computational domain was discretized using the
trimmed mesh technology implemented in Star-CCM +
software, which predominantly employed hexahedral
grids to minimize grid quantities and mitigate numer-
ical diffusion, this mesh strategy is widely used in the
CFD simulation of HSTs (Bao et al., 2020; Li et al., 2019;
Meng et al,, 2021). To precisely simulate the flow vari-
ations in the boundary layer, 15 layers of prism grids
with an overall thickness of 0.05m growing at a rate of
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Figure 4. Computational grids for the medium mesh: (a) in a central vertical plane; (b) around the train head and boundary layer; (c)

around the bogie and jet slot.

1.2 were created around the vehicle surface, as shown in
Figure 4(b). Figure 4(c) demonstrates the refined surface
grid of the HST, with particular attention given to the grid
around the bogie and near the jet slot. Furthermore, two
refined spatial regions were constructed, as depicted in
Figure 4(a), Refined region 1 located 2.7 H from the train
nose and extended approximately 42 H towards the far
end to capture the transient flow variations near the train
and in the wake. Refined region 2 was established along
the entire bottom section of the train to accurately simu-
late the underbody flow change, detailed dimensions and
mesh resolutions were listed in Table 1 and 2.

Grid is a crucial factor affecting the accuracy and
efficiency of numerical calculations. In this study, three
sets of girds with increasing grid numbers of 18, 38,
and 70 million were built for Domain 1, the maxi-
mum and averaged dimensionless wall distances in the

Table 1. Grid resolutions in boundary layers.

MeSh Number (x 1 06) yr-rtax y;;ln I;;GX Ir-'r;ean S;!V;GX S;;;ean
Coarse 18 28 12 560 240 560 240
Medium 38 28 12 280 120 280 120
Fine 70 28 12 140 60 140 60

Table 2. Grid resolutions in refined regions.

Mesh Refined region 1 Refined region 2
Dimension Mesh size Dimension Mesh size
Coarse Length: 42 H 0.04H Length:22H 0.02H
Medium With: 2 H 0.04 H With: H 0.01H
Fine Height: 1.5 H 0.02H Height:0.34H 0.01H

streamwise direction (I*), spanwise direction (s*), and
wall-normal direction (y), were listed in Table 1. These
three parameters were defined by the following Equa-
tions. As indicated in Table 1, the wall-normal distances
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Figure 5. Contours of y + on the train surface: (a) coarse mesh; (b) medium mesh; (c) fine mesh.

remain the same for the three meshes, grids are refined
in the streamwise and spanwise direction with constant
factor of 2. The maximum value of y* all over the train
surface was smaller than 3, with an average value of
around 1 for all three meshes, meeting the boundary layer
grid requirement of IDDES turbulent model. Contours of
y+ on the train model surface are displayed in Figure 5,
the majority of regions have y + around 1, except for rel-
atively larger values appearing in the streamlined head
region.

I™ = Alu, /v (1)
y+ = Anpu./v (2)
st = Asu /v (3)

where Al, As represents the cell width in the stream-
wise and spanwise direction, respectively, and An is the
distance from the first nodes to the train surface in the
wall-normal direction; u, is the friction velocity, and v
is the air kinematic viscosity.

2.3. Validation

2.3.1. Results convergence

To verify the convergence of the transient results, time
histories of flow field variables including the streamwise
flow velocity (V,/U) and turbulent kinetic energy (TKE)
at a spatial point are demonstrated in Figure 6(a) and
(b). The spatial point is located 0.5H from the centre
of the track (COT) and 0.5H from top of rail (TOR) at
the centre of the train length, which is approximately
0.05H away from the train surface. Besides, time histo-
ries of wall shear stress on the train surface, as well as
the aerodynamic drag coefficient (Cj;) of the head coach,
are given in Figure 6(c) and (d). C; is defined as Cy =
F4/0.5pU?S, where F, is the aerodynamic drag force and
p denotes the air density at 15°C; U is the train’s oper-
ational speed and S represents the cross-sectional area
of the train. As indicated in Figure 6, all aerodynamic
variables periodically fluctuate around a stable aver-
aged value, the calculation results are considered con-
verged and ready for data-sampling post processing and
analyzing.

2.3.2. Grid refinement study and discretization error
analysis

In the grid convergence study, the order of accuracy
(p), which involves the behaviour of the solution error,
is usually considered and calculated by Equation (4).
Since the relative error (e;) does not consider the order
of convergence, it may lead to an underestimation or
overestimation of the error, extrapolated error (eqy;) and
grid convergence index (GCI) are also calculated through
Equation (5) and (6), details can be found in reference
(Celik et al., 2008).

p= ool @
where r is the grid refinement factor, r = 2 is used for the
three grids in this paper. €33 = @3 — @2, €21 = @2 — @1
and ¢ denotes the numerical results on the k™ grid,
k =1, 2, 3 in this paper represent the three grids with
increasing relative grid size, namely fine, medium and
coarse meshes, respectively.

o = (02 — 1) /00| (5)
GCIy = (Fse;") /(P — 1) (6)
02l = (o1 — 92)/ (P = 1) (7)
ezt = (g1 — 92)/ (1)l (8)

21

In Equation (5), the extrapolated results @7, can
be calculated through Equation (7). In equation (6),
F; = 1.25 is a factor of safety for comparison over three
grids, and e, represents the relative error, defined in
equation (8).

In grid refinement analysis, the mean normalized slip-
stream velocities (V,/U) measured at a distance 0.5H
from the COT and 0.5H from the TOR are compared
between different meshes and showed in Figure 7(a), x
and L in the x-axis represent the distance from the head
nose and total length of the train, respectively. Accord-
ing to Celik et al. (2008), the local order of accuracy
p calculated from equation (4) ranges from 0.40-4.13,
with a global average value (pgy.) of 2.07, which agrees
well with the formal second-order solution scheme in
the calculation. Among these 20 points, 35% exhibit
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Figure 6. Time histories of aerodynamic variables around and on the train model: (a) streamwise flow velocity near the train; (b) turbulent
kinetic energy near the train; (c) shear stress on the train surface; (d) aerodynamic drag of the head coach.

oscillatory convergence. The calculated relative errors
and extrapolated relative errors are shown in Figure 7(b)
and (c), and the extrapolated mean velocity profile with
discretization error bars (GCI) is displayed in Figure 7(d).
As indicated in Table 3, the relative and extrapolated rel-
ative errors for the fine and medium meshes are within
1.2% and 2.8%, 2.1% and 2.9%, respectively. The extrap-
olated values for the fine mesh fit well with the medium
mesh, except for larger GCI values in areas ranging from
0.4 L to 0.7 L, the maximum GCI values for the fine
and medium meshes are 2.6% and 3.8%, respectively.
Although the difference in discretization errors for the
fine and medium meshes are not that significant, the
computational cost for the fine mesh is approximately 12
times greater than that of the medium mesh. Therefore,
the medium mesh strategy was chosen for the subsequent
investigations in this study.

2.3.3. Domain length adequacy

The same medium mesh strategy and solver setting were
adopted for the larger domain case. To evaluate the influ-
ence of the upstream distance on the incoming flow in

front of the train head, time-averaged streamwise veloc-
ity distributed along two vertical lines at distance 0.5H
and 0.1H from the front nose of the train head are
displayed in Figure 8. Velocity distributions from two
domains agree well with each other, as the height exceeds
2 times the height of the train, field velocity remain con-
sistent with the incoming flow. By locally refining the data
in the bottom region (h/H < 2) where velocities change
severely, the disparity between the twin domains is very
minor, with the greatest differences being only 1.03% at
X = —0.5H and 0.33% at X = —0.1H, which validates
the adequacy of the upstream distance of 27H for fully
development of the incoming flow. Additionally, wake
structures, characterized by Q (the second invariant of
velocity gradient) and coloured by the streamwise veloc-
ity, are compared in Figure 9, it shows that the devel-
oped wake length is almost identical for the two domain
lengths (LI for Domain 1 with a downstream distance of
60H and L2 for Domain 2 with a downstream distance
of 112H). All these comparisons comprehensively verify
the adequacy of upstream and downstream distance of
Domain 1 to ensure full development of the incoming
and wake flow.
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Table 3. Maximum errors between three meshes.

Computational

Mesh €q—max % Eext—max % GClmax % cost (Core-h)
Fine 2! 1.2 2.1 26 17920
Medium 32 2.8 2.9 3.8 222400

2.3.4. Numerical algorithm validation

In this study, the commercial CFD software Ansys Fluent
was used for numerical simulations (Ansys Fluent, 2019).
The operating speed of the HST (U) was determined
to be 300 km/h, equivalent to a Mach number of 0.245,
which is below 0.3, thus an incompressible transient
solver was employed. In additional, to meet the boundary
layer resolution requirement, the computational model
was 1/8 scaled to ensure that the dimensionless wall dis-
tance of the first layer (y+) was less than 1. Under this
circumstances, the Re was calculated to be 2.64 x 10°,
greatly surpassing the critical Re of 2.5 x 10° required
for reduced-scale model test (CEN European Standard
(2013)) and 3.6 x 10° required for flow self-simulation
(Che et al, 2023a; Huang et al., 2016). The SST k-w
based IDDES hybrid turbulence model was employed
in this study. Although Large Eddy Simulation (LES) is

acknowledged as the most accurate method for simulat-
ing the turbulent characteristics of moving objects. These
stringent gird requirements lead to substantial compu-
tational costs, thus the LES model is generally applica-
ble only to smaller and simpler geometries. The IDDES
model is a hybrid RANS-LES approach that strikes a
balance between computational efficiency and accuracy,
particularly suitable for complex flow simulations with
limited computational resources. This method has been
successfully employed in simulating the transient aerody-
namics of trains (Dong et al., 2020; Niu et al., 2020; Xiao
et al,, 2020).

The model combines the advantages of wall-modelled
LES (WMLES) and the delayed detached eddy simula-
tion (DDES). It introduces a blending function, defined
as f; in Equation (9), to the length scale formulation of
the DDES model to realize an automatic determination
between WMLES and DDES modes, more details about
the governing equations can be found in (Shur et al,
2008) and (Gritskevich et al., 2012).

Ja=max{(1 — f2). fs} ©)
f = min{2 exp(—9a%), 1.0} (10)
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Figure 9. Iso-surface of Q = 2000 in the train wake under different domain lengths: (a) Domain 1; (b) Domain 2.

fi=1— tanh(8ry)* (11)

with a = 0.25 — d,,/hiax, while hyax = max{hy, hy, h.}

is the maximum locale grid spacing and d,,, is the distance

to the wall. r; is borrowed from the SA RANS model,

which can be found from (Sparlart & Allmaras, 1992).
The length scale of the IDDES can be defined as:

Iippes = fa(1 4 f)lsst + (1 — fa)lLEs (12)
where

fe = max{(fer — 1),0}yfer (13)

in which

_ [2exp(—11.09a2) ifa >0

Jer(h/Bmax) = {2exp(—9.0a2) ifa <0 (14)
fer = 1.0 — max{fy, f1} (15)
fi = tanh[(ciPrar)’] (16)
fi = tanh[(cPra)™] (17)

where 4 and rg are turbulent and laminar analogues of
r4> ¢ and ¢; are model constants depending on the RANS
model and should be readjusted to ensure that f;; is zero
when either r4 or ry is close to 1.0.

Based on the above covering equations, it can be con-
cluded that when rg < l,fd is equal to fp, the calcula-
tion automatically switch to WMLES mode. Otherwise,
DDES mode is activated.

The gradient was resolved using a Least Squares Cell-
based method, pressure was discretized utilizing a Sec-
ond Order scheme, and the QUICK format was applied
for moment and turbulent discretizations. The transient
time step was set as 5 x 107>, based on what the con-
vective Courant number around the train model was
calculated as less than 1, as indicated in Figure 10. The
transient calculation duration of 2s was set, correspond-
ing to 3 flow passages of the calculation domain and 16
flow passages of the train model, the calculation time for
the longer domain case was correspondingly extended.
The number of iterations per step may affect the result
convergence and accuracy. To assess this, a limited con-
vergence study using 25, 50 and 100 iterations per step
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Figure 11. Time histories of aerodynamic variables under different iteration numbers per step: (a) streamwise velocity; (b) aerodynamics

drag of the head coach.

Table 4. Residual magnitude under different iteration numbers.

Iteration

numbers

per strep continuity Vi Vy A k w
25 10~* 10~8 1072 10~° 106 1077
50 107> 10~8 10~° 10~° 106 107
100 107> 10~8 10~° 10~° 106 107

over a partial transient simulation period was carried out.
Asindicated in Figure 11, time histories of the streamwise
velocity at a point located 0.5H from the COT and 0.5H
from the TOR at the centre of the train length, as well as
the aerodynamic drag of the head coach, are compared
between different iteration numbers. The data exhibit
fluctuations around an averaged value, and the differ-
ences in the time-averaged Cy values for the three iter-
ation numbers are not statistically significant. However,
less iteration number of 25 leads to a relatively smaller
time-averaged field velocity compared to an iteration
number of 50. The time-averaged field velocity obtained
from an iteration number of 100 closely approximates
that of 50 iterations, with difference of only 0.2%. Addi-
tionally, the residual comparisons presented in Table 4

demonstrate that the residual magnitudes for the velocity,
k and w terms remain consistent under the three itera-
tion numbers. However, an iteration number of 25 only
reduces the continuity residual to 10™%, whereas itera-
tion numbers of 50 and 100 reduce the continuity residual
to 1.2 x 107>, In summary, as the number of iterations
per step exceeds 50, transient and time-averaged results
change little with increasing iteration numbers, confirm-
ing the convergence and accuracy of the results. Consid-
ering that a larger number of iterations per step results in
significant computational costs, an iteration number of
50 per strep was chosen for calculations in this study.

To validate the numerical algorithm, results from the
IDDES calculation were compared with the wind tun-
nel test conducted by Zhang et al. (2018). This exper-
iment was carried out in an 8 x 6 m? wind tunnel, a
1/8 scaled three-coach CRH2 HST model was located
on a supporting plate with streamlined designed lead-
ing and trailing edges, the plate was located 1.06 m
from the tunnel floor to eliminate the ground bound-
ary layer effect. A corresponding numerical model with
an extended rear end was established to match the wind
tunnel test, as indicated in Figure 12(a). Figure 12(b-d)
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Figure 12. Comparisons between numerical simulation and wind tunnel test: (a) corresponding numerical model; (b) pressure coeffi-
cient; (c) velocity distribution in boundary layer; (d) aerodynamic drag and lift.

compares the numerical and wind tunnel results for var-
ious aerodynamics variables, including the surface pres-
sure coefficient (C,) along the longitudinal centre of the
streamlined head, mean velocity (V,/U) in the bound-
ary layer at position X4, and aerodynamic drag and lift
coefficient (Cp) of the train model. C, and Cp, are defined
in Equations (18)~(19). The numerical C, curve fits
well with the wind tunnel results, with a maximum dis-
crepancy of 8.7% observed in the transition area. The
numerical velocity profile also closely matches the wind
tunnel data, except for slightly lower values near the train
surface, with a maximum error of approximately 9.0%.
The largest difference in aerodynamic drag is 6.4% at
the head, while aerodynamic lift shows a relatively high
error of 9.5% due to its small reference value (—0.033,
close to zero). These errors may stem from minor differ-
ences in geometry modelling, point locating, and other
numerical factors. Despite some errors reaching 9%, they
are all within the acceptable 10% limits for numeri-
cal engineering applications according to TB standard
(China National Railway Administration, 2018).

P — Po

= 05p02 (18)

Cp

Fr

= — 19
0.5pU2S (19)

Cr

where p represents the local surface pressure, and py is
the atmospheric pressure. U was chosen as 60 m/s in the
wind tunnel test. S is 0.175 m? for the scaled model.

3. Results analysis

As the incoming flow traverses the head nose, it moves
rapidly with an increasing velocity towards the upper and
lower sections of the train. The accelerated bottom air-
flow interacts with the complex bogies in cavities, leading
to substantial alternations in the flow field and the forma-
tion of complex vortex structures, consequently resulting
in notable aerodynamic loads. To investigate the effect of
jet flow control in front of the leading bogie on the under-
body flow field and determine the pattern of aerodynamic
drag variations on specific components, the dimension-
less reduction rate of aerodynamic drag (J) is introduced
and defined in Equation (20). J involves the aerody-
namic drag reduction in each component by multiply-
ing the proportion of aerodynamic forces contributed by
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Figure 13. Reduction rates in aerodynamic drag with jet velocity at various angles for individual components of the train: (a) whole train;

(b) bogie; (c) cavity, and (d) car body.

individual parts to the overall train.

Fao,i
FdO,total

Fa0,i — Fa;
= X

0;
Fio,i

x 100% (20)

where Fj; represents the aerodynamic drag of individ-
ual components under various jet conditions, while Fg ;
and Fj tota1 denote the aerodynamic drag of individual
components and whole vehicle for the original train with-
out jet flow control, respectively. When the values of ¢ is
positive, the jet flow control schemes exhibit a effective
reduction in aerodynamic drag; Otherwise, the schemes
only yield an enhancement effect.

3.1. Impact of air jet on the aerodynamic drag of the
train

3.1.1. Effect of jet velocity

Figure 13 presents the variations in drag reduction rate
o for different components with jet velocities at varying
jet angles. As shown in Figure 13(a), the overall reduc-
tion rate dyyy, demonstrates a notable upward trajectory
with increasing jet velocity until it reaches 0.8U, after
which it decreases for jet angles below 75°. However, the
behaviour differs at a jet angle of 90°, as it consistently
exhibits an increasing trend with jet velocity. In order to

further examine the factors contributing to changes in
total resistance, a comprehensive analysis of the reduc-
tion of aerodynamic drag for the bogie (dpgie), the cavity
(Ocavity) and the car body (Jcar body) were conducted. As
depicted in Figure 13(b), the dp,gi, remains positive and
experiences a rapid increase in the jet velocity at vari-
ous jet angles. Conversely, the dcayiry decreases rapidly
from a positive value at a jet velocity of 0.2U to negative
with values increase with increasing velocities, as illus-
trated in Figure 13(c). In comparison to the changes in
Obogie and Jcayity, the variation observed for the car body
is relatively minor, with a maximum d¢gr pody variation of
less than 1%, as shown Figure 13(d). Due to the greater
increasing reduction rate in aerodynamic drag for the
bogie compared to the decrease for the cavity, the overall
aerodynamic resistance exhibits a reduction effect as the
jet velocity increases.

Figure 14 shows the power spectral density (PSD) of
the aerodynamic drag for the leading bogie and the head
coach of the train, where the x-coordinate is the Strouhal
number (St). In the absence of the air-jet, the main St
for the leading bogie ranges from 0.05 to 0.16, while the
maximum PSD peak for the head coach occurs at St of
0.14. When applying air-jet with increasing velocities in
front of the leading bogie, the main variation frequency
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Figure 15. Reduction rates in aerodynamic drag for individual bogies and cavities at Vjer/U = 0.8 and a = 15°(a) the bogies; (b) the
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gets larger, St reaches approximately 0.24 and 0.27 for
the leading bogie and the head coach as the jet velocity
increases to 1.0U.

Figure 15 compares the reduction ratio of aerody-
namic drag for individual bogies and cavities at vari-
ous positions, considering a jet velocity and angle of
Viet/U = 0.8 and a = 15°. The findings indicate that
the impact of the jet flow on individual bogies gradu-
ally diminishes as the bogie position moves towards the
rear of the train. Specifically, the leading bogie accounts
for 90% of the overall reduction in aerodynamic drag
among the bogies. Similarly, the first cavity significantly
contributes to the overall variation in aerodynamic drag
among the cavities. To summarize, the aerodynamic per-
formance of the bogie and surrounding cavities are sig-
nificantly influenced by the implementation of jet flow in
front of the leading bogie, while its impact on the train
body is minimal. Consequently, the subsequent analysis
of the flow field primarily concentrates on the leading
bogie and cavity region.

The flow velocity and surface pressure distribution in
the leading bogie region with and without the air-jet are

demonstrated in Figure 16. In the absence of jet flow
control, the main streamwise flow accelerates towards
the bottom of the train and exerts a direct impact
on the lower portion of the bogie (the region located
outside the cavity, denoted as AI~A3 in Figure 16)
as well as the rear end of the cavity (denoted as A4
in Figure 16), resulting in significant positive pressures.
Meanwhile, the streamwise flow separates at the bottom
edge of the frontal end of the cavity, leading to a decrease
in velocity within the cavity, the pressure distributed on
the upper section of the bogie and the frontal end of the
cavity are predominantly negative. Additionally, the flow
underneath the vehicle traverses a multitude of complex
components and diverges at the trailing edge, resulting
in negative pressures on the leeward side of the bogie.
The disparities in the pressure between the windward and
leeward surfaces of the bogie, as well as between both
ends of the cavity contribute to significant aerodynamic
drag. Viscous drag resulting from wall shear stress also
contributes to the total aerodynamic resistance. As indi-
cated in Figure 17(a), regions including the streamlined
head, the leading bogie and the lower surface posterior
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Figure 16. Mean flow velocity and surface pressure distributions in bogie and cavity regions under different jet flow velocities at an

angleofa = 15°.

to the cavity of the head coach exhibit relatively high
shear stress, while other areas display lower values. How-
ever, according to the computational results, pressure
drag remains the dominant component, accounting for
approximately 70% of the total aerodynamic resistance.
Introducing an air-jet in front of the leading bogie
slightly changes the mean wall shear stress distribu-
tion along the bottom of the train head. As shown in
Figure 17(b-f), increasing jet velocities reduce mean wall
shear stress in region A4 (the central component of the
bogie) and region A5 (spanwise centre of the head coach’s
lower surface), thereby decreasing the viscous drag of the
train. However, changes in pressure are more complex,
pressure changes on both the bogie and cavity ends are
not consistent with jet velocities. In order to conduct a
quantitative analysis, the time averaging x-component of
flow velocity along two spatial vertical lines (referring to

X1 and X2 in Figure 18) in the cavity region before and
after the bogie, and the pressure distribution along two
surface vertical lines located on both ends of the cavity
(referring to X3 and X4 in Figure 18) are demonstrated
in Figure 19 and 20.

Based on the extensive analysis conducted from
Figure 16-20, it can be inferred that the introduction
of a jet flow in front of the leading bogie obstructs the
streamwise underbody flow to some extent. Combined
with the analysis of synthesis velocity in Figure 21, the
angle of the synthetic flow f increases as the jet velocity
rises, resulting in a continuous downward movement of
the streamwise flow at the bottom. Consequently, the air-
flow velocity in the lower section of the bogie, particularly
in the region between the bottom of the wheel (BOW)
and the bottom of the cavity, experiences a gradual reduc-
tion, with the magnitude of reduction intensifying with
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the jet velocity due to the heightened obstruction effect
caused by the higher jet velocity, while the variation in
flow velocity along X1 in the cavity region is relatively
small. As the flow moves towards the rear of the bogie,
the reduction in flow velocity becomes more significant,
and the velocity distribution along X2 exhibits a rapid
decline as the jet velocity increases, eventually reaching
negative values (flow in the reverse direction) within the
cavity when the jet velocity surpasses 0.2U. The notice-
able decrease in velocity at the lower section of the bogie
leads to a substantial decrease in the positive pressure
exerted on the windward surface of the bottom com-
ponents, particularly in region A2, where the front air
velocities decrease rapidly from positive to negative as the
jet velocity increases. Additionally, when the flow veloc-
ity at the wake of the bogie decreases from positive to
negative, the pressure on the leeward surface of the bogie
undergoes an increase from negative to positive value due
to the influence of reverse flow. This reverse flow also
leads to a decrease in pressure on the windward side as
it passes over the blunt components of the bogie toward
the front. As the windward surface of the bogie experi-
ences a continuous decrease in pressure and the leeward
side experiences an increase, the aerodynamic drag of the

bogie exhibits a progressively increasing drag reduction
rate with the increasing jet velocity.

The variation in flow velocity also induces a dis-
cernible change in pressure on both ends of the cav-
ity. As depicted in Figure 22, the underbody streamwise
flow moves downwards gradually under the intensify-
ing jet flow, the frontal low-speed air within the cavity
is entrained by the downward streamwise flow, result-
ing in an increase in the flow velocity along X1 within
the cavity region, thereby amplifying the negative pres-
sure distributed along X3 on the front end of the cavity
as the jet velocity increases. Moreover, in the absence of
jet flow, the underbody flow exerts a direct impact on
the bottom rear end of the cavity, the air is subsequently
rolled up to form an counter-clockwise rotating vortex,
thus the distribution of pressure along X4 on the rear
end of the cavity gradually decreases from a large posi-
tive value to a negative value as the height increases, then
itincreases once again to a positive value in the top corner
of the cavity where the air is stagnated. However, under
the impact of jet flow with increasing speed, the rolled-up
air is hindered by the intensified downward streamwise
flow, potentially causing it to be diverted in the oppo-
site direction, and this diversion results in a significant
reduction in the flow velocity along X2. Subsequently, the
decrease of flow velocity along X2 leads to a decrease in
pressure along X4 on the rear end of the cavity, especially
at the bottom region C4. Since the decrease in positive
pressure on the rear end of the cavity is accompanied by
an increase in negative pressure on the front end, making
it challenging to ascertain the changes in drag of the cav-
ity with jet velocity. Consequently, the pressure disparity
between the front and rear ends of the cavity is calculated
and illustrated in Figure 23, comparisons reveal that the
reduction in positive pressure on the rear end of the cavity
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is comparatively smaller than the increase in negative
pressure on the front end. This pressure difference pro-
gressively intensifies as the jet velocity increases, leading
to an escalation in the drag of the cavity.

3.1.2. Effect of jet angle

Referring to the aerodynamic drag reduction results
at varying jet velocities and angles in Figure 13,
the observed change pattern of J with jet angle is
characterized by fluctuations rather than a monotonic
trend, and the disparity in drag reduction rates caused by

varying jet angles remains within a range of 2.4% at a spe-
cific jet velocity. When the jet velocity is less than 0.8U,
the Jsorg7at jet angle of 90° is the smallest, while it’s maxi-
mum value remains at jet angle of 15°. However, when the
jet velocity exceeds 1.0U, jetting at angle of 90° exhibits
better drag reduction effect with continuous increasing
reduction rate in aerodynamic drag. The Jpge basically
exhibits a slight decrease as the jet angle increases. How-
ever, the influence of jet angle on the Jcayir, does not
display a constant pattern of increase or decrease, but
fluctuates with amplitudes below 2%.

Although the influence of jet angle is not as significant
as the jet velocity, this study also examined the surface
pressure and flow velocity at jet angles of & = 15° and
a = 90°. As indicated in Figure 24 and 25, the angle
and velocity of the synthetic flow increase as the jet
angle increases, leading to an downward movement of
the underbody streamwise flow. Since the x-component
of the jet velocity which flows in the opposite direction
to the incoming flow decreases, resulting in a weakened
hindrance to the streamwsie flow at front of the jet slot.
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Figure 24. Synthetic velocity under different jet angles.

Subsequently, there is a slight increase in the flow veloc-
ity along X1 in the lower section of the bogie followed
by an increase near the bottom floor of the train due to
the rising synthetic velocity near the jet slot. Further-
more, the increasing synthetic velocity draws in more air
from the cavity, leading to a decline in flow velocity in the
frontal cavity region. This decrease in flow velocity results
in a reduction in the negative pressure distributed on the

Vx/U
-0.6

(g
= =1.2

Figure 25. Streamlines in the cavity and bogie region under dif-
ferent jet angles: (a) & = 15°% (b) « = 90°.

front end of the cavity and an increase on the windward
surface of the bogie, as shown in Figure 26(a). The flow
velocity along X2 in Figure 26(b) exhibits a comparable
change pattern to that of X1, resulting in increased posi-
tive pressure at the lower section and decreased negative
pressure at the upper section of the rear end of the cav-
ity. Additionally, the decrease in negative velocity in the
rear cavity region contributes to a reduction in the dis-
tribution of negative pressure on the leeward side of the
bogie, as depicted in Figure 27 and 28. By calculating the
sum of pressure on the front and rear ends of the cavity
in Figure 29, it is evident that an approximate equilibrium
pressure difference is achieved, thereby causing minimal
alternation in the dcayiry as the jet angle increases from 15°
to 90°, while the dpoge increase with smaller disparity of
1.9%.

3.2. Impact of air jet on the slipstream of the train

3.2.1. Effect of jet velocity
The underbody vortexes characterized by Q (Q =1 x
10°), and the vorticity magnitude beneath the head coach
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Figure 28. Pressure distributions along surface lines on the front
and rear ends of the cavity at various jet angles at Vje/U = 0.8.

(Z = 0.07H) at varying jet velocities are demonstrated
in Figure 30. For the original train without air jet, a
pair of triangular vortex structures (V1) developing side-
ward are generated in region RI, exhibiting high vorticity
magnitude. A series of small vortexes are formed and
accumulated in the bogie region as the underbody flow
traverses the front end of the cavity. When introducing
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Figure 29. Pressure disparities between the front and rear ends
of the cavity at varying jet angles.

an air jet in front of the leading bogie, the triangular
vortexes in R1 are depressed to some extend, and the vor-
ticity decreases slightly. As the jet velocity increases, the
small-scale vortices in the bogie region merge with those
generated by jet flow that evolves forward by the stream-
wise flow, the vorticity intensities are intensified after the
jet slot in R2. The turbulent intensity (TT) and turbulent
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kinetic energy (TKE) are also demonstrated in Figure 31.
The TI and TKE in region RI (where the main trian-
gular vortexes located) slightly decreases, and the wake
length of the sideward strong turbulent intensity region
decreases, seen from /I to 3. Meanwhile, the TT and TKE
in region R2 after the jet slot (where bogies located) rises,
which indicates that the presence of an air jet results in
heightened turbulent strength in the bogie region after
the jet slot compared to conditions without air jet. How-
ever, the increases in vorticity magnitude, TTand TKE are
limited to the bottom bogie region after the jet slot, these
turbulent variables in majority regions barely changes
and remains consistent.

However, the above analysis can’t tell the amplitude
changes of slipstreams under impact of varying jet veloc-
ities, thus the time-averaged horizontal slipstream veloc-
ities Vy, along the longitudinal direction at four positions
under air-jet angle of 15° are displayed in Figure 33. The
position of the four longitudinal lines, marked CI-C4,
are presented in Figure 32, among which CI and C2 are
located at heights of 0.03H and 0.07H from the top of
the ground (TOG) in the spanwise center underneath
the train, while C3 and C4 are located on the trackside
with lateral distance of 0.5H from the COT and heights
0f 0.07H and 0.15H from the TOR.

As indicated in Figure 33(a) and (b), in the absence
of jet flow control, the velocity of incoming flow ini-
tially decreases in front of the head nose, then moves
rapidly at an accelerating speed to the bottom of the
train. Once the streamwise air flows to the bogie region,
the underbody slipstream velocity experiences a gradual
decrease due to the sudden expansion of space. Subse-
quently, it remains fluctuation in the 2nd and 3rd bogie
regions and experiences another slight increase under the
middle coach. After another fluctuation in the 4th and
5th bogie region, the slipstream velocity continuously
increases until the underbody air reaches the last bogie
region, then it decreases rapidly to the minimum peak
and rises again in the wake region. when implementing
an air-jet in front of the leading bogie, large disparity
in the slipstream velocities occurs underneath the head
coach, especially in the region after the position of the
jet (POJ), Vs, significantly decreases as the jet velocity
increases under the obstruction effect of the jet flow, the
impact of the jet flow on the underbody slipstream veloc-
ity toward the rear of the train gradually weakens. The
variations of the trackside slipstream velocities are rela-
tively small, except for slight increase in the leading bogie
region after the jet slot, as indicated in Figure 33(c) and
(d). Figure 34 gives the time-averaged streamwise and
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Figure 31. Turbulent intensity (Tl) and turbulent kinetic energy (TKE) under air jet of & = 15°: (a) original train without air-jet; (b)

Viet/U = 0.4; (c) Vjer/U = 0.8.
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Figure 32. Positions of the slipstream lines.

spanwise velocity (Vy and V), respectively) contours on
a horizontal plane Z = 0.07H (height of line C2 and C3)
under different jet velocities. Under the interference of
the triangular guide structure at the bottom of the train,
the underbody airflow accelerates towards both forward
and sideward at a certain angle corresponding to the
guide structure, and two symmetrical long-strip deceler-
ation zones are generated at the transition areas between
the bottom guide structure and the train body. The cen-
tral V along the longitudinal line C2 decreases with the
distance away from the head nose. When setting an air-
jet in front of the bogie at angle of 15°, the x-component
of the jet velocity was opposite to the incoming flow and
the z-component of the jet velocity obstructs the stream-
wise movement of the incoming flow, resulting in an
decrease in the slipstream velocity before and after the jet

slot, especially in the afterwards region, and the decrease
effect enhances with the increase of the jet velocity. How-
ever, the velocity in the deceleration zones increases
with the jet velocity, which leads to a slight increase in
the trackside slipstream velocity of line C3 in the bogie
region. The effect of air jet on the V), is minimal, the
only difference occurs near the jet-slot region with slight
increase.

3.2.2. Effect of jet angle

Figure 35 and 36 also give the underbody vortexes, vor-
ticity magnitudes, turbulent intensities and turbulent
kinetic energy under varying jet angles at Vj,;/U = 0.8. It
is obvious that the effect of jet angle on the transient fluc-
tuation characteristics of the underbody flow is minimal
compared to the jet velocity. As the jet angle increases,
the vortex vorticity, TI and TKE slightly underneath the
head coach remain the same, except for a slight decrease
in a small region R3 after the jet slot. Since increasing the
jet angle at a constant flow rate minimally enhances the
jet energy to disturb the bottom flow, but only slightly
obstructs the air flowing to the front edge of the cav-
ity, thus suppressing the intensity of vortexes at the front
ends.

Figure 37 demonstrates the mean slipstream veloci-
ties at various jet angles with a velocity of Vje,/U = 0.8.
It is evident that the impact of the jet angle on the slip-
stream velocity beneath the train is less pronounced com-
pared to the jet velocity. Variations in Vy, are primarily
observed in the region after the leading bogie, with a
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Figure 34. Time-averaged streamwise and spanwise velocity contours on a horizontal plane Z = 0.07H: (a) Vy: (b) Vy

gradual increase with the increasing jet angle and gets
more significant when it reaches 90°. Due to the narrow
width of the jet slot relative to the underbody space, the
energy of the vertical jet-flow (¢ = 90°) is insufficient
to completely impede the streamwise flow, resulting in a
less significant obstructive effect compared to the revers
flow (a < 90°), the underbody slipstream velocity is lower
under small jet angles. The trackside slipstream velocities

show a consistent change law and approximate equal peak
values under varying jet angels.

4. Conclusions

To explore the potential and effectiveness of jet flow
control technology in optimizing the flow field in bogie
regions and subsequently reducing the aerodynamic
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Figure 36. Turbulentintensity (Tl) and turbulent kinetic energy (TKE) under air jet of Vjee/U = 0.8:(a) & = 15°% (b) o = 45° (<) ¢ = 90°.

resistance of high-speed train, an air jet slot was applied  train were investigated, and potential of aerodynamic
in front of the leading bogie in this study, effects of jet ~ drag reduction were discussed. Conclusions are drawn as
velocities and angles on the underbody slipstream of the  follows:
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(1)

(2)

3)

Setting an air jet in front of the leading bogie is effec-
tive in reducing the aerodynamic drag of the train.
The overall drag reduction rate () demonstrates a
notable upward trajectory with increasing jet veloc-
ity, followed by a slight decrease until it reaches 0.8U
at jet angle below 75°. However, the behaviour dif-
fers at jet angle of 90°, as it consistently exhibits an
increasing trend with jet velocity. The overall drag
reduction mainly owes to greater decrease in the
aerodynamic drag of the bogies than the increase in
cavities.

The impact of jet angle is less pronounced com-
pared to jet velocity. The 0 changing with jet angle
is characterized by fluctuations rather than a mono-
tonic trend, but the disparities caused by varying jet
angles remain within a range of 2.4% at a specific
jet velocity. The maximum J appears at jet angle of
15° when the jet velocity is less than 0.8U, but jet-
ting at an angle of 90° exhibits a better drag reduction
effect with continuously increasing reduction rate in
aerodynamic drag as the jet velocity exceeds 0.8U.
The increasing jet velocity leads to a significant
decrease in the slipstream velocity under the head
coach after the jet slot due to its evident obstruction
effect, while variations of the trackside slipstream

(4)

(5)

velocities are relatively small, except for a slight
increase in the leading bogie region after the jet
slot. The influence of jet angle on the transient
and time-averaged underbody slipstream is minimal
compared to the jet velocity.

Increasing jet velocities increase the vortex vor-
ticity, turbulent intensity and turbulent kinetic
energy under the leading bogie region. However, the
increase of jet angles slightly decreases those in a
small region right after the jet slot.

The most effective aerodynamic drag reduction is
achieved at a jet velocity of 0.8U and jet angle of 15°,
with a maximum reduction rate of 6.43%. However, a
notable increase in the turbulent intensity under the
leading bogie was observed at higher jet velocities,
which should be paid attention to avoid transient
instability.

This paper proposes a novel approach to reduce the
train’s aerodynamic resistance by implementing an air
jet in front of the leading bogie, and the effects of jet
velocities and angles on the underbody slipstream and
aerodynamic drag are thoroughly examined. However,
this paper focused solely on the impact of jet flow con-
trol at a single position in front of the leading bogie,



other positions or multiple positions were not investi-
gated due to the paper’s length limitation, which is wor-
thy to be further explored in future research. Besides, this
paper only investigates jet velocities smaller than the train
speed, higher velocities are not considered due to its extra
greater energy input, which may consequently reduce
the efficiency of energy savings. More studies consider-
ing more jet velocities, slot widths, and unsteady flowing
modes should carried out in the future. Furthermore, due
to the heightened turbulent intensity beneath the bogie
at increased jet velocities, it is advisable to implement
additional deflectors in combination with the jet flow
technique to enhance the drag reduction and stability
performance. These deflectors may located at the front
ends of the cavity to suppress leading edge separation,
or pursue the bottom plate to regulate the complex flow
structures underneath the bogie. Future research should
focus on the mutual coupling mechanism between active
and passive flow control to provide guidance for the
scheme designs.
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