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The aerodynamic drag of a high-speed train has a significant impact on its energy consumption. At high speeds,
the pantograph is one of the primary sources of aerodynamic drag for the train. To enhance train operation
characteristics and reduce aerodynamic drag, two optimized pantograph models with bionic non-smooth
grooves beneath carbon slide plates were designed based on bionic non-smooth theories, using shark skin as
the bionic object. The Navier-Stokes equation and k-ϵ turbulence model were adopted to simulate the flow
field structure of two pantograph optimized models. The results show the structure of pantograph head has a
significant effect on its separation point of the boundary layer, the wake flow and the tail vortex area. Compared
to the pantograph head with arc-shaped grooves, the pantograph head with V-shaped grooves exhibits a more
significant backward movement of the boundary layer of separation point. This results in a more stable wake
flow and a more pronounced reduction in the area of the tail vortex. Furthermore, incorporating V-shaped
grooves beneath the carbon slide plate resulted in an average rate of drag reduction increase of 4.9% for the
pantograph head and 4.7% for the pantograph compared to the original pantograph.
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1. Introduction

With the rapid development of high-speed railway, increas-
ing attention has been devoted to the issues concerning
comfort, safety and speed. The aerodynamic problems
caused by increasing train speeds exert a significant impact
on train components [1]. As the primary component of
high-speed trains, the pantograph system with a complex
shape is directly affected by the airflow on the roof dur-
ing train operation. So the aerodynamic problems posed
by the pantograph are particularly salient. According to
relevant research, when the speed of a train exceeds 200
km/h, aerodynamic drag can account for over 70% of to-
tal drag [2]. When the train operates at high speeds, the
pantograph’s aerodynamic drag accounts for 8% to14% of
the total aerodynamic drag of the train, which affects the

quality of pantograph-catenary current collection [3]. In
recent years, scholars have conducted a series of studies on
the aerodynamic drag, noise and turbulence intensity of
high-speed train pantographs. Yuan et al. [4] investigated a
pantograph structure that incorporates symmetric elliptical
structures on the carbon slide plate and pantograph rod,
respectively, resulting in superior drag and noise reduction
performance. Hu et al.[5] investigated the internal mecha-
nism of drag reduction on shark groove surfaces through
numerical simulation studies. It has been found that a pair
of reverse “secondary vortices” exist on both sides of the
groove’s vertex, which can significantly attenuate turbu-
lence intensity and achieve drag reduction. Liu et al. [6]
utilized the k-ϵ turbulence model and broadband noise
model to investigate the aerodynamics of the pantograph
rod structure through computational simulations. They
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discovered that the structure of the annularly corrugated
groove member represents optimal bionic design, which
significantly reduces both aerodynamic drag and noise.
Wang et al. [7] used large eddy simulation to calculate
the distribution characteristics and magnitude of aerody-
namic noise in the flow field of a pantograph model. Based
on the bionic structure of the flange, they optimized the
current pantograph structure. The results showed that op-
timized pantograph demonstrated excellent aerodynamic
performance, resulting in a reduction of pantograph tail
vortex shedding and aerodynamic noise. Li et al. [8] es-
tablished a high-speed pantograph aerodynamic model to
investigate the operational characteristics of high-speed
trains in knuckle-downstream and knuckle-upstream direc-
tion, providing a reference basis for pantograph design and
optimization. Yan et al. [9] utilized computational fluid
dynamics simulation technology to analyze the distribu-
tion of aerodynamic drag on the pantograph. By adding
shells to both the slide plate and base, they proposed an
optimization scheme that effectively reduces aerodynamic
drag. Yang et al. [10] used Fluent software to calculate
the aerodynamic drag of a pantograph at different speeds.
They deduced the pantograph head is the main source of
aerodynamic drag for the pantograph, and optimizing its
structure can effectively reduce the aerodynamic drag.

Currently, there are many studies on reducing drag for
high-speed train pantographs; however, few have explored
the application of bionics technology in this area. There-
fore, the shark skin was selected as the bionic object in
this paper to design two types of bionic grooves that were
integrated onto the lower surface of the slide plate. The
numerical simulation method was used to investigate the
influence of the slide plate structure on aerodynamic drag,
pressure distribution and flow field characteristics of pan-
tograph. In addition, the average rate of drag reduction for
the two models was obtained, which is expected to serve
as a reference for designing drag reduction in high-speed
trains.

2. Bionic design of pantograph head

Bionic optimization refers to studying and imitating bio-
logical systems found in nature, drawing inspiration from
them, constantly innovating in the process, and ultimately
achieving or surpassing the functions of biological pro-
totypes to solve various technical problems faced by hu-
mans. According to the principle of bionic design, it can
be divided into morphological bionic, functional bionic,
structural bionic, interface bionic and other forms [11].

2.1. Select the bionic object

Aquatic animals evolved to survive, eventually developing
shapes and body surfaces that reduce drag [12]. Further re-
search indicates that these large marine organisms possess
a surface adorned with small-scale grooves, which effec-
tively reduce hydrodynamic drag during rapid swimming
and enable the organism to attain extremely high velocities
[13]. Researchers have discovered that there are regularly
arranged dermal denticles structures on the surface of shark
skin by studying it, as shown in Fig. 1.

Fig. 1. The structure on the surface of shark skin.

It can be seen from Fig. 1 that the shield scales on the
surface of shark skin are composed of small protrusions
on the smooth surface and longitudinal micro-grooves in
the flow direction. The design of ribs for drag reduction
was inspired by the toothed structure on the surface of
shark scales, which are also known as dermal denticles.
The structure can reduce drag by lifting the fluid vortices in
proximity to the bodies’ surface [14]. Furthermore, based
on the drag reduction mechanism of the “Second Vortex
Group” theory and the “Protrusion Height” theory [15–
17], it can be known that the non-smooth groove structure
impedes instantaneous transverse flow caused by turbulent
motion, reduces the turbulent flow in the boundary layer
and enhances fluid vortex near the body surface. This
ultimately decreases frictional drag between turbulence
and wall surfaces.

2.2. Two-dimensional groove design

Two-dimensional groove geometric models, including arc-
shaped grooves and V-shaped grooves, were established
based on the micro-structure of shark surface and the drag
reduction mechanism of the groove surface, as shown in
Fig. 2 (a)-(b).

Fig. 2. Two-dimensional groove geometric models.

In Fig. 2, h and s represent groove height and groove
spacing respectively. When the groove spacing is within
the range of 0 to 10 mm, irregular grooves can increase
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drag. However, when it exceeds 10 mm, irregular grooves
can reduce drag. The larger the gap, the more effective the
reduction of drag. After comprehensive consideration, h is
set to 5 mm and s is set to 20 mm in Fig. 2.

3. Numerical simulation

3.1. Geometric model

The pantograph used in this study is based on a genuine
model of a standard electric multiple unit (EMU), which
has a singular arm structure and dual carbon slide plates.
The pantograph mainly consists of a pantograph head, up-
per and lower arms, a hinged system, a chassis, an insulator
and a pantograph raising device. The dimensions of the
pantograph model is 1.95 mx2 mx1.5m.

In this study, the front slide of the pantograph was se-
lected for optimization to investigate the influence of car-
bon slides with different structures on its aerodynamic
characteristics. Due to the two-dimensional grooves, wall
friction can be effectively reduced. By coupling the groove
structure to the lower surface of the pantograph slide plate,
not only can drag on the pantograph head be reduced, but
also its tail vortex area can be effectively controlled. The ge-
ometrical models of pantograph are shown in Fig. 3 (a)-(b).

Fig. 3. The geometrical model of pantograph.

The pantograph head has a total length of 1950 mm,
with a working length of 1450 mm and a carbon slide plate
length of 1430 mm. To ensure the current-receiving quality,
it is necessary for the upper surface of the carbon slide
plate to maintain contact with the contact line during pan-
tograph operation [18]. Therefore, the lower surface of the
carbon slide plate was optimized, while other parts of the
pantograph were reasonably simplified and as much detail
as possible was retained in the pantograph head. The half
size of the pantograph head is shown in Fig. 4.

In Fig. 4, the half length of the pantograph head is 975
mm, its height is 368 mm, and the length of the skateboard
is 515 mm. To save computing resources, the lower sur-
face of carbon slide plate with a length of 880 mm was

Fig. 4. The half size of the pantograph head (unit:mm).

optimized. Based on the original pantograph model, arc-
shaped and V-shaped grooves were added to the lower
surface of the carbon slide plate, resulting in two bionic
pantograph models. Model A refers to the original panto-
graph geometrical model, Model B refers to the pantograph
model with arc-shaped grooves on its lower surface of the
carbon slide plate and Model C refers to the pantograph
model with V-shaped grooves on its lower surface of the
carbon slide plate. The bionic models of the three panto-
graph heads are shown in Fig. 5 (a)-(c).

Fig. 5. Three types of bionic pantograph head models
(unit:mm).

3.2. Mathematical model

In this study, the pantograph’s maximum speed is 350km/h
and its windward Mach number is approximately 0.286
(less than 0.3). Therefore, an incompressible viscous flow
field can be utilized. The continuity equation and momen-
tum equation can be expressed as follows:

∂uj

∂xj
= 0 (1)

ρ
∂ui
∂t

+ ρ
∂
(

uiuj

)
∂xj

= − ∂p
∂xi

+
∂τij

∂xj
(2)

Where ui, uj represent the air velocity components of the
flow field surrounding the train; xi, xj represent the coor-
dinate components, i, j = 1, 2, 3; ρ represents fluid density;
t represents time; p represents the pressure; and τij repre-
sents viscosity stress tensor.

Compared to DES and LES, the RANS method requires
fewer computational resources while significantly enhanc-
ing computing speed. The continuity equation, momentum



2690 Qi Zhou et al.

equation, and energy equation are respectively expressed
as follows:
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where e represents internal energy; k represents the thermal
conductivity coefficient of the fluid; T represents temper-
ature; and h represents enthalpy. In the k − ε model, k
and ε are two basic unknowns, where k represents turbu-
lent kinetic energy and ε represents turbulent dissipation
rate. The corresponding control equation can be defined as
follows:

∂

∂t
(pk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
µ +

µt
σk

)
∂k
∂xj

]
+ Pk − ρε

(6)
∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
µ +

µt
σk

)
∂ε

∂xj

]
+ C1εεPk/k − C2ερε2P/k

(7)

where Pk represents the turbulent kinetic energy generated
by the mean velocity gradient

(
Pk = µtS2) ; S represents

the modulus of the strain rate tensor; Cµ, C1ε, C2ε, σk, σε

all are empirical constants. Generally, Cµ = 0.09, C1ε =

1.44, C2ε = 1.92, σk = 1, σε = 1.3.
In this study, the Navier-Stokes equation for steady, vis-

cous and incompressible flow and k − ε turbulence model
were employed to numerically solve the entire flow field
around the pantograph [19]. The numerical simulations
utilized a segregated, incompressible, unstructured finite-
volume solver based on the STAR-CCM+. The SIMPLEC
algorithm was used to couple the pressure and velocity
fields. The convective term is discretized using the QUICK
scheme with high-order accuracy, and the diffusion term is
discretized using a central difference scheme with second-
order accuracy [20].

3.3. The computational domain and its boundary condi-
tions

The boundary conditions were established as follows. The
left side of the computational domain was specified as the
velocity inlet boundary condition. The right side of its was
designated as the pressure outlet with an initial pressure of

zero. Both sides of the computational domain were set as
wall boundary conditions, and the top of its was defined as
a symmetry boundary condition. The pantograph surface
and ground were designated as non-slip boundary condi-
tions. The computational domain is illustrated in Fig. 6
(a)-(b).

Fig. 6. The computational domain.

In Fig. 6, W represents the width of the computational
domain, which is 16 m, and H represents its height, which
is 6 m. The distance between the velocity inlet and the pan-
tograph center is L1 = 10 m, and that between the pressure
outlet and the pantograph center is L2 = 12 m. The vertical
clearance between the bottom of the pantograph and the
ground is 0.2 m.

3.4. Computational grids

To ensure the accuracy of the calculation, three refinement
regions were implemented in the flow field surrounding
the pantograph. The smallest grids were located closest to
the pantograph, and the surface grids of the pantograph
were refined. Additionally, 10 prismatic layers were ar-
ranged on the pantograph surfaces with a thickness of
approximately 0.2 mm for the first boundary layer close to
the pantograph surfaces. Fig. 7 shows the configuration of
the computational grids.

Fig. 7. Configuration of the computational grids.
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3.5. Validation of calculation method

To examine the influence of mesh resolution on results,
three distinct computational meshes (A, B and C) were
used to compute the aerodynamic drag of the pantograph.
Mesh A consists of 6.5 million cells, while Mesh B and
Mesh C consist of 7.0 and 7.5 million cells, respectively. The
numerical simulation results are shown in Table 1.

Table 1. Numerical simulation results.

Mesh Mesh number Aerodynamic
type (million) drag (N)

A 6.5 2410.6
B 7.0 2385.6
C 7.5 2354.5

As presented in Table 1, the data error between Mesh B
and Mesh A is 1%, while that between Mesh C and Mesh
B is 1.3%. It can be inferred that as the number of grids
increases, the variation in pantograph aerodynamic drag
always remains within 2%. Therefore, it is appropriate to
set the total number of grids within the calculation domain
at 6.5 million.

To validate the accuracy of the numerical method
adopted in this paper, a comparison was made between
the data obtained from numerical simulation and wind
experimental tunnel data [21]. The CX-PG pantograph
model utilized in the wind tunnel experiment was also em-
ployed for numerical simulation. Drag calculations were
performed using the aforementioned grid size and numeri-
cal methods. The mesh used for algorithm validation and
the error between experimental and calculated results are
shown in Fig. 8 (a)-(b).

Fig. 8. Validation of the method.

As presented in Fig. 8 (b), the aerodynamic drag of
the pantograph, calculated using the simulation method
presented in this paper, is in good agreement with the
experimental results, with errors always within 10%. This
indicates that the numerical simulation method utilized in
this paper can provide accurate calculation results.

4. Results and analysis

Due to the intricate structure of the pantograph, airflow
passing through it will be seriously disturbed, so it is nec-
essary to analyze the flow field around the pantograph.
In order to study the influence of the bionic pantograph
head on the flow field and aerodynamic load, the aerody-
namic performance of pantograph can be analysed from
two aspects: flow field and aerodynamic drag.

4.1. Analysis of the flow field

The flow field velocity diagrams for three kinds of pan-
tographs at a flow velocity of 300 km/h are shown in Fig.
9 (a)-(c).

Fig. 9. Flow field velocity diagram.

As shown in Fig. 9 (a), when the bottom of the panto-
graph carbon slide plate is smooth, boundary layer sepa-
ration tends to occur at both upper and lower vertices of
the pantograph head, causing airflow vortexes to form in
the backflow zone. This often results in a higher velocity
for the front pantograph head compared to the rear one,
leading to an increase in aerodynamic drag. As shown in
Fig. 9 (b) and (c), equipping the pantograph carbon slide
plate with arc-grooves and V-grooves at its bottom can in-
terfere with airflow, hindering the development of wake
vortex and resulting in a smaller vortex area. Additionally,
the separation point of the boundary layer is significantly
shifted backwards. It can be inferred that the pantograph
head with arc-shaped or V-shaped grooves under the car-
bon slide has better aerodynamic performance.

4.2. The aerodynamic drag

The aerodynamic drag of the pantograph head and the
pantograph at various speeds was calculated through nu-
merical simulation. To compare the aerodynamic drag
characteristics of the three models, their respective aero-
dynamic drag was calculated at flow velocities ranging
from 200 to 350km/h. The velocity-aerodynamic drag his-
tograms of the three models are shown in Fig. 10 (a)-(b).

As can be seen from Fig. 10, the drag reduction effect of
both arc-shaped grooves and V-grooves pantographs is es-
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Fig. 10. Velocity-aerodynamic drag histograms.

sentially equivalent when running at a speed of 200 km/h.
However, as the speed increases, the pantograph with V-
shaped grooves exhibits better aerodynamic drag reduction
effects than that with arc-shaped grooves. For the aerody-
namic drag of the whole pantograph at running speeds of
250, 300, 350 km/h, the pantograph with V-shaped grooves
demonstrates superior aerodynamic drag reduction effects
compared to that with arc-shaped grooves. Both optimized
models exhibit the best drag reduction effect at a speed of
350km/h.

To compare the drag reduction effects of two optimized
pantograph models quantitatively, the average rate of drag
reduction is defined as:

γ =
D1 − D2

D1
× 100% (8)

In formula 8, γ represents the average reduction rate
of aerodynamic drag, D1 represents the aerodynamic drag
of the original pantograph model, D2 represents the aero-
dynamic drag of the optimized pantograph model. The
average reduction rates of aerodynamic drag for the pan-
tograph head and pantograph were calculated, and the
calculation results are shown in Table 2.

Table 2. The average reduction rate of aerodynamic drag.

Type of model γa γb
B 3.2% 2.6%
C 4.9% 4.7%

In Table 2, γa represents the average reduction rate of
aerodynamic drag for pantograph head and γb represents
the average reduction rate of aerodynamic drag for panto-
graph. Compared to the original model, optimized models
have a drag reduction effect. However, it’s more effective
for the average rate of drag reduction of the pantograph
head and the pantograph to set V-shaped grooves under
the carbon slide plate. When the train’s speed falls between
200 and 350 km/h, setting V-shaped grooves beneath the
carbon slide plate, the average rate of drag reduction of
pantograph head is 4.9% and the average rate of drag re-
duction of pantograph is 4.7%.

5. Conclusions

In this paper, the theories of non-smooth surface drag re-
duction and shark body surface bionics are used to study
the performance of pantographs with different pantograph
head. The conclusions are as follows:

1. Compared to the original pantograph, two optimized
models can reduce aerodynamic drag. When the train
is running at a speed of 200 350km/h, the average
rate of drag reduction of pantograph head with V-
shaped grooves under a carbon slide plate increased
by 4.9%, and that of the pantograph increased by 4.7%
compared to the original pantograph. The average
rate of drag reduction of pantograph head with arc-
shaped grooves under a carbon slide plate increased
by 3.2%, and that of the pantograph increased by 2.6%
compared to the original pantograph.

2. The shape of the pantograph head has a significant
effect on the separation point of the boundary layer,
wake flow and tail vortex area. Compared to the panto-
graph head with arc-shaped grooves, the pantograph
with V-shaped grooves results in a more significant
backward movement of the boundary layer separation
point around the pantograph head, increased stability
of wake flow, and a more prominent reduction in tail
vortex area.

3. This study only investigates the aerodynamic drag
performance of a pantograph with bionic non-smooth
grooves under the surface of a carbon slide plate, but
doesn’t consider its noise performance. Therefore, we
suggest that the aerodynamic drag and noise perfor-
mance of pantograph should be comprehensively con-
sidered in subsequent studies.
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