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ABSTRACT 

The pantograph is a critical instrument that significantly affects the 

aerodynamics of high-speed trains, posing a considerable challenge to the energy 

conservation and environmental protection of trains. This study explores the 

feasibility and efficiency of a jet-flow control technique in optimising the 

aerodynamic characteristics of the pantograph. A numerical method was adopted 

to investigate the effects of various jet-flow parameters, such as the jet positions, 

velocities and jet-slot widths, on the flow changes around the pantograph and 

subsequent reduction in aerodynamic drag of the pantograph. The results show 

that the impact of the jet position is negligible when the jet velocity is lower than 

the train speed. The aerodynamic drag reduction rate decreased with increasing 

distance from the pantograph as the jet velocity increased. When the distance 

between the jet slot and pantograph is less than 0.6 times the height of the 

pantograph, the aerodynamic drag reduction rate continuously increased with the 

jet velocity. As the jet slot moved away from the pantograph, the aerodynamic 

drag reduction rate initially increased rapidly with the jet velocity and then 

gradually decreased when the velocity surpassed 1.2 times the train speed. In 

addition, the aerodynamic drag of the pantograph decreased as the width of the 

jet slot decreased. However, the energy of the whole train can be only saved 

when the jet velocity is below 0.6 times the train speed. Findings in this study 

verified the effectiveness of the jet-flow method in reducing the aerodynamic 

drag of pantographs and provide important engineering guidance for the energy-

saving of high-speed trains. 
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1. INTRODUCTION 

The pantograph, mounted on the roof of an electric 

train, collects electricity from overhead wires to power 

the train. It consists of a series of complex framed 

structures that are completely exposed to air, leading to 

highly turbulent flow and complex vortex structures. The 

aerodynamic impact of the pantograph becomes more 

evident as the train speed increases. Previous research 

has shown that the aerodynamic drag associated with a 

pantograph accounts for approximately 8–14% of the 

overall aerodynamic resistance experienced by a high-

speed train (Liu, 2013). The turbulent flow structure of 

the pantograph must be optimised to minimize its 

aerodynamic resistance and enhance the current 

collection.   

Over the past few years, the aerodynamic properties 

of pantographs under various operating conditions have 

been thoroughly investigated by numerical calculations 

and model tests. Previous studies have demonstrated that 

wake vortices significantly affect the fluctuating 

aerodynamic loads and the aerodynamic noise generated 

by pantographs (Tan et al., 2018; Kim et al., 2020; Yao 

et al., 2020; Li et al., 2022). The aerodynamic 

characteristics of a pantograph is greatly affected by 

various factors. Lee et al. (2015) conducted wind tunnel 

tests to examine the effect of the panhead configuration 

on the wake flow characteristics and aerodynamic drag of 

a pantograph. They found that a streamlined shape 

optimised the aerodynamic characteristics compared with 

a rectangular shape. Wang et al. (2022) also verified that 

a streamlined shape effectively reduced the aerodynamic 

drag of a pantograph. Zhang et al. (2017) found that the 

aerodynamic loads decreased when the pantograph was 

at the rear position in the knuckle-downstream direction. 

Sun et al. (2020) proposed that the aerodynamic drag can 

be significantly reduced by backward shifting of the  
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NOMENCLATURE 

Re Reynolds number  Ljet 
distance between the jet slot and the leading 

edge of the pantograph 

H height of the train  Wjet width of the jet slot 

Hp height of the pantograph  Vjet jet velocity 

y+ 
dimensionless thickness of the first layer of the 

grid 
 V  time-averaged velocity 

U free stream velocity (train speed)  𝑉𝑥̅̅̅̅  
time-averaged streamwise component of 

velocity 

U∞ 
velocity of the incoming flow in the wind tunnel 

test 
 𝐶𝑝 transient pressure coefficient 

△t time step  𝐶𝑃̅̅ ̅ time-averaged pressure coefficient 

△l grid spacing  Cd aerodynamic drag coefficient of the train 

S 
windward cross-sectional area of the scaled train 

model 
 Fd aerodynamic drag of the train 

SB width of the jet slot  △Fd aerodynamic drag reduction value of the train 

 

pantograph. Xiao et al. (2020) noted that sinking the 

embedded cavity of the pantograph resulted in a 

significant reduction in its aerodynamic forces. In 

addition, the impact of the wind conditions and 

operational environments on the unsteady flow change 

and forces of the pantograph have also been investigated 

(Tang, et al., 2015; Xiu, et al., 2016; Niu, et al., 2017; Li 

et al., 2018, 2023).  

According to Ito (2000) and Satio et al. (2021), the 

streamlined design is the most effective approach to 

reduce the pantograph’s aerodynamic drag and noise. 

Yao et al. (2022) optimised the base frame structures and 

insulator shapes of a pantograph and effectively reduced 

the aerodynamic drag. Chen et al. (2018) and Yan et al. 

(2022) found that installing a streamlined faring at the 

appropriate height effectively decreased the aerodynamic 

drag and noise of the pantograph. However, the 

traditional approach of improving the aerodynamic 

performance through shape optimisation has limitations 

that make it a challenge to achieve significant progress. 

Therefore, researchers have begun exploring new 

methods and technologies to improve train 

aerodynamics. 

Recently, owing to the ongoing research on bionics, 

researchers attempted to apply bionic surfaces to 

pantograph designs. Inspired by marine organisms, the 

optimal pitch and thread diameters of whorl structures 

based on conches were determined for pantograph rods to 

reduce drag and noise (Liu & Xu, 2018; Xu et al., 2020). 

Zhang et al. (2021) discovered that applying spanwise 

corrugated structures to pantograph rods with the 

appropriate wavelengths and ripple amplitudes could 

reduce the aerodynamic sound levels. Active flow control 

is another promising technique. Mitsumoji et al. (2015) 

found that installing a plasma actuator on the pantograph 

panhead managed the flow separation and decreased the 

turbulence intensity at the rear of the panhead. This 

finding supports the notion that employing the air suction 

method can serve as an alternative approach to mitigate 

the aerodynamic noise caused by the panhead. Similarly, 

Huang et al. (2021) implemented an air jet in the 

streamwise direction of a grooved pantograph platform, 

which significantly reduce the noise by 6.04 dB. Huang 

et al. (2020) confirmed the effectiveness of optimising 

the train aerodynamics through the jet flow.  

This study employed the improved delayed detached 

eddy simulation (IDDES) model to investigate the impact 

of various jet-flow parameters on the transient flow 

around a pantograph and the reduction in aerodynamic 

drag. The relationships between the jet-flow velocities, 

positions, and jet-slot widths and aerodynamic resistance 

of the pantograph were examined to provide guidance for 

the application of jet-flow method in reducing the 

aerodynamic resistance of high-speed trains.  

2. METHODOLOGY 

2.1 Calculation Model  

To enhance the computational efficiency and meet 

the turbulence model requirements of grid generation, a 

1/16-scale train model with three cars was utilised, as 

shown in Fig. 1(a). The operational speed was selected as 

300 km/h. At this speed, the Reynolds number (Re) is 

approximately 1.30 × 106, surpassing the critical Re of 

3.6 × 105. Therefore, the flow field was considered as 

self-simulated (Dong et al., 2019; Che et al., 2023a). 

The train height (H) is approximately 0.23 m (3.7 m 

for the full-scale train model), while its width and length 

are approximately 0.92H and 20.65H, respectively. The 

pantograph, which consists of upper, bottom, and base 

frames and the panhead was mounted near the end of the 

middle car. The dimensions of the pantograph are 

showed in Fig. 1(b), i. e. the length, width, and height of 

1.35H, 0.52H, and 0.54H, respectively.  

A cuboid domain was created, with a length, width, 

and height of 116H, 26H, and 22H, respectively. The 

train model was located at the spanwise centre of the 

domain, the distance between the train head and the 

domain entrance was measured as 22H, whereas the rear 

was approximately 73H from the domain exit, as shown 

in Fig. 2. Constant velocity inlet was assigned to the 

domain entrance, with a specific velocity corresponding 

to the train speed. A zero-pressure outlet boundary 

condition was assigned to the domain exit, and the upper 

and side surfaces were subjected to symmetry plane 

conditions. To simulate the relative motion between the  
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Fig. 1 Geometry and dimensions of the model: (a) the whole train and (b) pantograph 

 

 

Fig. 2 Domain establishment and boundary condition settings 

 

train and the ground, a moving wall with velocity equal 

to the train speed was applied to the lower surface 

(Huang et al., 2016).  

The trimmed mesh technology implemented in the 

Star CCM+ software was utilised for improved numerical 

accuracy and convergence (Xia et al., 2017; Meng et al., 

2021). To achieve mesh-independent results, three sets of 

grids were established: coarse, medium, and fine meshes, 

all of which were built with varying grid sizes using the 

same strategy. The total number of meshes for each set 

were 17, 34, and 68 million, respectively. The average 

value of y+ was calculated as approximately 1.2, which 

satisfies the boundary layer solution requirement of the 

turbulent model.  

Taking the medium mesh as an example, the surface 

grids for the car body and pantograph, which were 

surrounded by 10 prism grids with an overall thickness of 

3 mm and growth rate of 1.2 were demonstrated in Fig. 

3(b). Four mesh-refined regions were built in this study, 

as shown in Fig. 3(c). Refined region 1 encompassed the 

entire train model, with a length, width, and height of 

43H, 2.2H, and 3H, respectively. The wake region was 

significantly longer than the upstream region to ensure 

the precise simulation of the wake flow. Because the 

flow change mainly occurred near the train's surface, a 

refined region 2 was created closer to the train, with a 

length, width, and height of 23H, 1.6H, and 2H, 

respectively. The other two refined regions, 3 and 4, were 

established around the pantograph. The length, width, 

and height of refined region 4 were 7Hp, 1.3Hp, and 

1.25Hp, respectively. The length of refined region 3 was 

extended to 12Hp to simulate the wake flow of the 

pantograph.  

Figure 4(b) shows the comparison between the time-

averaged flow velocities of the different meshes along 

line 1, located in the wake region of the pantograph 

panhead. The specific location of line 1 is shown in Fig. 

4 (a). 

(b) 

(a) 
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Fig. 3 Computational grid: (a) surface grid, (b) boundary layer around the pantograph, and (c) refined regions 

 

   

 
Fig. 4 Comparison between various meshes: (a) 

position of the line and (b) flow velocity along the line 

 

According to Fig. 4(b), the velocity along line 1 

exhibited significant fluctuations within the near-wake 

area of the panhead when comparing the medium and 

coarse meshes, with the maximum difference reaching 

26%. The results of the fine mesh fit well with those of 

the medium mesh, with a maximum difference of 3%. 

This indicates that no significant changes occurred as the 

computational grid increased, and that the mesh satisfied 

the independence requirement. Therefore, the medium 

mesh was selected for the calculations.  

2.2 Turbulence Model and Solution Schemes 

Numerical calculations were performed using 

ANSYS Fluent software (Ansys, 2019). The transient 

IDDES turbulence model based on SST k–ω has 

demonstrated its efficacy in investigating the 

aerodynamics of trains (Niu et al., 2018; Wang et al., 

2019; Niu et al., 2020; Tan et al., 2020). The length scale 

of the IDDES model can be expressed as  

𝑙𝐼𝐷𝐷𝐸𝑆 = 𝑓𝑑(1 + 𝑓𝑒)𝑙𝑆𝑆𝑇 + (1 − 𝑓𝑑)𝑙𝐿𝐸𝑆                       (1) 

𝑓𝑑 = 𝑚𝑎𝑥{(1 − 𝑓𝑑), 𝑓𝐵}                                                (2) 

𝑓𝑒 = 𝑚𝑎𝑥{(𝑓𝑒1 − 1), 0}𝜓𝑓𝑒2                                         (3) 

In Eq. (2),  

𝑓𝑑 = 1 − tanh(8𝑟𝑑)
3                                                    (4) 

𝑓𝐵 = 𝑚𝑖𝑛{2 exp(−9𝛼2) , 1.0}                                       (5) 

α = 0.25 − dw/hmax                                                    (6) 

where 𝑟𝑑 is borrowed from the SA model as reported by 

(Shur et al., 2008); 𝑑𝑤 represents the distance to the wall, 

and hmax = max{hx, hy, hz} represents the maximum 

local grid spacing.   

In Eq. (3), 

 𝑓𝑒1(𝑑𝑤/ℎ𝑚𝑎𝑥) = {
2 exp(−11.09𝛼2) 𝑖𝑓𝛼 ≥ 0

2 exp(−9.0𝛼2) 𝑖𝑓𝛼 < 0
         (7) 

(a) 

(b) 

(c) 

(a) (b) 
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 𝑓𝑒2 = 1.0 − max{𝑓𝑡 , 𝑓𝑙}                                               (8) 

𝑓𝑡 = 𝑡𝑎𝑛ℎ[(𝑐𝑡
2𝑟𝑑𝑡)

3]                                                     (9) 

 𝑓𝑙 = 𝑡𝑎𝑛ℎ[(𝑐𝑙
2𝑟𝑑𝑙)

10]                                                 (10) 

where 𝑟𝑑𝑡 and 𝑟𝑑𝑙  are the turbulent and laminar analogues 

of 𝑟𝑑, respectively. 𝑐𝑡 and 𝑐𝑙 are the model constants that 

are dependent on the RANS model and should be 

readjusted to ensure that 𝑓𝑒2 is zero, when either 𝑟𝑑𝑡  or 

𝑟𝑑𝑙  is close to 1.0.  

Based on the above equations, it can be concluded 

that when 𝑟𝑑𝑡 ≪ 1, 𝑓𝑑 = 𝑓𝐵, and the calculation 

automatically switches to LES mode. Otherwise, the 

DES mode is activated.  

An initial steady-state calculation of 20000 steps 

was conducted to establish a fully developed flow field 

and achieve a converged solution. Then, a second-order 

implicit transient calculation was activated using 

SIMPLE algorithm to handle the pressure–velocity 

coupling (Wang et al., 2020). The convective term of 

momentum was discretised using a bounded central 

differencing scheme (ANSYS, 2022) for spatial 

discretisation, while the turbulent kinetic energy and 

dissipation rate terms were discretised using a second-

order upwind scheme. The residuals were all set as 10-6 

to achieve higher solution convergence. According to the 

CFL conditions, the time step △t used for the three sets 

of meshes was determined as 1.5 × 10-4, 8 × 10-5, and 4 × 

10-5, respectively. The transient calculation time was 0.6s 

to ensure the full development of the turbulent flow and 

to collect the unsteady aerodynamic data. Then, an 

additional 0.4s was calculated with the data sampling 

option to obtain time-averaged aerodynamic statistics. 

The total transient calculation time ensures that the air 

flow passes approximately 3.6 times the entire domain 

and 20 times the total length of the train model, and the 

time averaging time makes the flow pass through 8 times 

the train length. Additionally, as showed in Fig. 5, the 

aerodynamic drag data of the pantograph within the 

averaging time changes periodically with stable average 

value, which ensures the effectiveness of the averaging 

time.  

 

 

Fig. 5 Aerodynamic drag coefficient of the 

pantograph within the averaging time  

 

 

Fig. 6 Results comparison between simulation and 

test: (a) wind tunnel models and (b) comparison of 

the aerodynamic drag coefficient 

 

2.3 Algorithm Verification 

In order to validate the accuracy of the numerical 

algorithm, the drag coefficient of the train was compared 

with the results of a wind tunnel test conducted by Zhang 

et al. (2018). The wind tunnel test utilised a 1/8-scale 

train model and a ballast subgrade of 15.2 m in length on 

the floor, as shown in Fig. 6(a). The calculation model 

was created based on the wind tunnel model, and the 

same grid strategy and solvers were adopted. The 

aerodynamic drag coefficient Cd, calculated by Eq. (11) 

for each car was compared, as shown in Fig. 6(b). The 

discrepancy between the results was less than 7%, 

proving that the computational accuracy of the numerical 

approach meets the requirements of engineering 

research. 

SU

F
C d

d 2
5.0 

=


                                                         (11) 

where Fd represents the aerodynamic drag; U∞ is the 

incoming flow velocity, and 60m/s was selected in the 

wind tunnel test; S is the windward cross-sectional area, 

which is 0.175m2 for the scaled train model.  

3. RESULTS AND DISCUSSION 

3.1 Aerodynamic Drag and Flow Structure of 

Pantograph Without Air Jet 

Pantographs are typically attached to the top of 

trains and are exposed to the surrounding atmosphere. 

Based on the quantitative data, pressure drag dominated 

the total aerodynamic resistance. The interaction between 

the streamwise and wake flows produces variances in the 

pressure on the pantograph surface, particularly on the 

bottom frame and panhead components (Tan et al., 2018; 

Kim et al., 2020). These components had bluff geometries 

(a) 

(b) 
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Fig. 7 Flow structures around the pantograph: (a) 

surface pressure and velocity in vertical plane Y = 0 

and (b) iso-surface of Q (Q = 5.5 × 106) 

 

on both the windward and leeward sides, contributing to 

57% and 34% of the overall aerodynamic resistance of 

the pantograph, respectively. 

The underlying mechanism responsible for the 

aerodynamic drag experienced by the pantograph was 

investigated, including the analysis of pressure 

distributions on individual parts and the assessment of 

the surrounding flow structures. Figure 7(a) shows the 

velocity field along the central longitudinal plane and 

local streamlines around some important components of 

the pantograph, and the pressure contours on the 

pantograph surface. Because the upstream air flowed 

towards the front surface of the pantograph, a large 

positive pressure was generated. Subsequently, the 

accelerated flow separated from the surface of each 

component, giving rise to a sequence of vortices that 

predominantly gathered at the rear of the panhead and 

base frame, as shown in Fig. 7(b). This led to a 

substantial negative pressure on the leeward surface.  

3.2 Effect of Jet Velocity on the Aerodynamics of 

Pantograph 

The primary objective of this study is to set an air-

slot jet in front of the pantograph to form an air curtain 

that minimises the impact of the airflow passing through 

the pantograph. The jet slot was placed at a specific 

distance (Ljet) away from the leading edge of the 

pantograph. The width was set to Wjet and the length was 

fixed at 0.7H. It covers the entire top surface with its two 

ends extending to the edge of the chamfer, as indicated in 

Fig. 8.  

 

 

Fig. 8 Schemes of the air-slot jet: (a) axial view and 

(b) top view 

 

The aerodynamic drag reduction rate, η, is defined 

and calculated by the following formula.  

𝜂 =
𝐶𝑑−𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙−𝐶𝑑−𝑗𝑒𝑡

𝐶𝑑−𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
× 100%                                    (12) 

where 𝐶𝑑−𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙  and Cd-jet represent the aerodynamic 

drag coefficient of the pantograph with and without an 

air jet, respectively. When the value of 𝜂 is positive, the 

pantograph’s aerodynamic drag can be mitigated using 

the air-slot jet method; otherwise, the drag increases.  

Figure 9(a) shows the correlation between the 

pantograph’s aerodynamic drag reduction rate and jet 

velocities at various positions. When the jet slot was 

close to the pantograph (Ljet/Hp < 0.6), the reduction in 

aerodynamic drag increased as the jet velocity increased. 

However, as the jet slot gradually moved away from the 

pantograph, the aerodynamic drag reduction rate initially 

underwent a rapid increase with the jet velocity, followed 

by a gradual decrease when the jet velocity surpassed 

1.2U. At this point, the drag reduction effect was 

relatively stable without any discernible fluctuations. 

Figure 9(b) and (c) demonstrate the changes in the 

aerodynamic drag reduction rate of individual 

components with the jet velocity when the jet slot was 

located at distances of 0.2Hp and 1.0Hp from the 

pantograph. Notably, the jet slot significantly affected 

the aerodynamic drag experienced by the base and 

bottom frame sections, whereas its effect on the two 

upper sections was minimal. As the jet slot approached 

the pantograph, the aerodynamic drag of the base frame 

decreased as the jet velocity increased. In contrast, the 

aerodynamic drag of the bottom frame increased. As the 

jet slot moved away from the pantograph, the aerodynamic 

(a) 

(b) 

(a) 

(b) 
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Fig. 9 Correlation between η and Vjet: (a) the whole 

pantograph at different jet positions, (b) each 

component of the pantograph at jet position Ljet/Hp = 

0.2, and (c) each component of the pantograph at jet 

position Ljet/Hp = 1.0 

 

resistance of the base frame exhibited an initial rapid 

increase with the jet velocity, followed by a gradual 

change when the jet velocity surpassed 1.2U. The 

aerodynamic resistance of the bottom frame initially 

decreased and then increased when the jet velocity 

exceeded 1.6U. The aerodynamic resistance of the upper 

frame and panhead slightly changed with the jet velocity. 

The aerodynamic drag of the base frame had the greatest 

contribution to the total aerodynamic resistance of 

pantograph, while the contribution of the bottom frame 

was minimal, accounting for only 1% of the total. 

Therefore, the overall aerodynamic resistance of the 

pantograph followed a trend similar to that of the base 

frame.  

The streamwise component of the time-averaged 

velocity (𝑉𝑥̅̅̅̅ ) distributed in a central vertical plane under 

different jet velocities at positions Ljet/Hp =0.2 and Ljet/Hp 

=1.0, are shown in Fig. 10. To demonstrate the airflow 

changes in front of each component of the pantograph, 

space lines were set in front of each component, as 

shown in Fig. 11. The velocities along each space line 

are compared in Fig. 12. 

It can be seen in Fig. 10(a) and 12(a) that when the 

jet flow was positioned near the front edge of the 

pantograph, the vertical jet flow interrupted the 

streamwise flow in the boundary layer, resulting in air 

stagnation at both the front and rear of the jet slot, 

accompanied by the generation of vortices on both sides.  

This phenomenon reduced the speed of air flowing 

towards the base frame. When the jet velocity was low, 

the backward vortex appeared flat, with its core close to 

the roof of the middle car, denoted as V1. This was 

attributed to the dominance of the far-field flow and the 

small angle of the synthetic velocity. As the jet velocity 

increased, both the magnitude and angle of the synthetic 

velocity increased. The airflow at the bottom of the base 

frame was sucked and rolled up rapidly by the jet flow, 

causing the backward vortex to increase and the core to 

move upward, denoted as V2 and V3, respectively. In 

addition, as the jet velocity increased, the air velocity in 

front of the base frame flowed in the reverse direction 

with increasing values under the impact of vortices, 

which exerted a gradual negative pressure on the 

windward side of the base frame, as demonstrated in Fig. 

13(a). Consequently, the aerodynamic resistance of the 

base frame continuously decreased with the jet velocity.  

The aerodynamic resistance of the bottom frame 

continuously increased with the jet velocity. This was 

attributed to the speed-increasing synthetic air that 

flowed directly towards its front, exerting a significant 

positive pressure on its windward surface. Conversely, 

the airflow in front of the upper frame and panhead was 

minimally affected by the jet flow. Furthermore, the 

relatively small size of the framed structure resulted in 

minimal changes in the aerodynamic resistance of the 

panhead and upper frame compared with the other two 

frames. Therefore, the pantograph exhibits a comparable 

upward trend as that of the base frame in terms of the 

aerodynamic drag reduction, which can be attributed to 

the changes in the aerodynamic drag experienced by the 

base frame compared with the bottom frame.   

As the jet slot moved away from the pantograph, the 

impact of the vertical jet flow on the pantograph 

weakened. As shown in Fig. 10(b) and 12(b), similar to 

the case in which the jet slot is close to the pantograph, 

the jet flow reduced the air in front of the base frame. 

However, the energy was insufficient to absorb the air to 

reverse the air’s movement. Thus, the velocity in front of 

the base frame persisted in the streamwise direction. 

According to the findings in Fig. 13(b), the flow velocity 

initially decreased with the jet velocity owing to the 

blocking effect, which decreased the positive pressure 

(a) 

(b) 

(c) 
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Fig. 10 Flow velocity change with jet velocity in a vertical plane Y = 0 at different positions: (a) Ljet /Hp = 0.2 and 

(b) Ljet /Hp = 1.0 

(a) 

(b) 
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Fig. 11 Setting of space lines in front of each component of the pantograph: (a) front view and (b) 

axis view 

 

  

Fig. 12 𝑽𝒙̅̅ ̅̅   distributions along various spatial lines in front of the pantograph: (a) jet slot at Ljet/H 

p= 0.2 and (b) jet slot at Ljet/Hp = 1.0 

 

 
 

(a) (b) 

Fig. 13 Pressure change with jet velocities at different positions: (a) Ljet /Hp = 0.2 and (b) Ljet /Hp = 1.0 

 

exerted on the windward surface of the base frame. 

Therefore, the aerodynamic resistance of the base frame 

decreased with the jet velocity. As the jet velocity 

progressively increased, the composite angle of the 

upstream and jet flows increased, thereby causing the 

primary far-field flow to move upward prematurely and 

vigorously. However, the energy of the synthetic flow 

remained insufficient to completely disengage from the 

influence of the main far-field flow. Consequently, the 

synthetic flow moved downward when it flowed near the 

pantograph, leading to an increase in the streamwise air 

velocity in front of the base frame and a subsequent 

increase in the positive pressure at the front surface of the 

base frame. This phenomenon accounts for the 

decreasing rate of aerodynamic drag reduction in the base 

frame at higher jet velocities. In addition, the expanding  

(a) 
(b) 

(a) (b) 
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Fig. 14 Correlation between η and Ljet: (a) at jet 

velocity Vjet/U = 0.8 and (b) at jet velocity Vjet/U = 1.6 

 

speed-decreasing area in front of the pantograph 

contributed to a slight reduction in the aerodynamic 

resistance of the bottom frame as the jet velocity 

increased. However, when the jet velocity reached 1.6U, 

the rapid downward synthetic flow induced a rapid 

increase in the air velocity in front of the bottom frame. 

As a result, the aerodynamic resistance of the bottom 

frame rapidly increased. It should be noted that the 

airflow in front of the upper frame and panhead was 

primarily influenced by the main far-field flow rather 

than the jet velocity at a low level. Nonetheless, as the jet 

velocity increased, particularly at 1.6U and beyond, the 

jet flow propelled the main flow upwards and traversed 

over the frontal edge of the upper frame with accelerating 

velocity, as shown in zone 1 in Fig. 10(b). This leads to a 

significant negative pressure at the leading edge of the 

upper frame. At higher jet velocities, the aerodynamic 

drag of the upper frame decreased as the upward flow 

decreased the streamwise component velocity in front of 

the rods.  

3.3 Effect of Jet-Slot Positions on the Aerodynamics 

of Pantograph  

According to the findings presented in Fig. 9(a), 

when the jet velocity is below 1.0U, the pantograph 

experienced relatively constant reductions in 

aerodynamic drag regardless of its position in the air jet. 

The variations in the reduction rate were minimal, with a 

difference of less than 3%. This indicates that the 

location of the jet slot has a negligible effect on the 

aerodynamic drag of the pantograph. As the jet velocity 

increased, the aerodynamic drag reduction rate decreased 

as the distance between the jet slot and pantograph 

increased. Figure 14 shows the variations in the 

aerodynamic drag reduction rates of individual 

components with the distance between the jet slot and 

pantograph at jet velocities of 0.8U and 1.6U. For jet 

velocities below 1.0U, the position of the jet had minimal 

effect on the component of the pantograph. However, 

when the jet velocity surpassed 1.0U, the location of the 

jet had a notable impact on the base frame. Specifically, 

as the distance Ljet from the pantograph increased, the 

aerodynamic drag reduction rate in the base frame 

deceased.  

Figure 15 shows the streamwise velocity 

distributions in a central vertical plane at different jet-slot 

positions and jet velocities of 0.8U and 1.6U. When the 

jet velocity was low, the streamwise flow remained 

dominant and the synthetic angle was small, as evidenced 

by the velocity distributions along the space lines in front 

of each component of the pantograph, as shown in Fig. 

15(a) and Fig. 16(a). Irrespective of the position of the 

jet, its effects were limited to the base frame region and 

the under part of the bottom frame. However, as the jet 

velocity increased, the effect of the vertical jet flow 

became more pronounced, resulting in the amplification 

of the synthetic angle, rapid upward movement of air, 

and gradual expansion of the affected region 

encompassing the entire pantograph. When the jet slot is 

close to the pantograph, the air surrounding the base 

frame was drawn in by the jet and flowed in the reverse 

direction, leading to a negative pressure on the windward 

and a positive pressure on the leeward side of the base 

frame. However, as the jet position moved further away 

from the pantograph, the synthetic jet flow gradually lost 

its ability to effectively displace the air around the frame. 

Consequently, the air began to flow in the streamwise 

direction, leading to an increase in the windward pressure 

on the base frame. This transition from negative to 

positive pressure values increased the aerodynamic drag 

experienced by the base frame. The drag reduction rate 

decreased as the distance from the pantograph increased, 

as indicated in Fig. 14(b). 

For the bottom frame of the pantograph, when the 

jet slot is close to the pantograph, the synthetic flow 

acted directly on the rods. Vortices were generated and 

shed from the leeward side of the rods, leading to a 

significant pressure difference. Therefore, the 

aerodynamic resistance was significantly higher than that 

in the scenario in which no air jets were present. As the 

jet slot progressively moved away from the pantograph, 

the synthetic flow gradually moved upward, causing the 

affected region to expand towards the upper sections. 

However, owing to the impact of the primary streamwise 

flow, the synthetic flow moved downward towards a 

location that was 0.2H away from the front edge of the 

pantograph, leading to a decrease in the velocity and 

aerodynamic drag of the bottom frame. Nonetheless, 

owing to the relatively small size of the rod structure, the 

resulting changes remained negligible.  

(a) 

(b) 

(b) 
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Fig. 15 Flow velocity change with jet locations in a vertical plane Y=0 at different jet velocities:  

(a) Vjet/U = 0.8 and (b) Vjet/U = 1.6 

 

  

Fig. 16 𝑽𝒙̅̅ ̅̅   distributions along various spatial lines in front of the pantograph at different jet positions: (a) jet 

velocity Vjet/U = 0.8 and (b) jet velocity Vjet/U = 1.6 

 

When the jet slot is close to the pantograph, the air 

velocity in front of the upper frame and panhead slightly 

changed owing to the dominant effect of the jet flow at 

the bottom. However, as the jet slot moved away from 

the pantograph, the synthetic flow moved downwards 

and crossed the pantograph rods with a decreasing 

velocity before rising upwards again under the influence 

of the main streamwise flow at the rear. This 

phenomenon decreased the streamwise component of the 

air velocity in the front region of the upper frame and 

panhead. However, as shown in Fig. 15(b) and 16(b), the 

upward flow field increased the velocity on the leeward 

side of the sliding strip. However, the impact of the jet 

positions on the upper frame and panhead was negligible 

compared with the flow change experienced by the base 

frame.  

3.4 Effect of Jet-Slot Width on the Aerodynamics of 

Pantograph  

Figure 17 shows the relationship between the 

aerodynamic drag reduction rate of the pantograph and 

the jet-slot width with a jet velocity of Vjet/U =1.0 and 

position of Ljet/Hp =0.2. It can be seen that the 

aerodynamic resistance of the base and upper frames 

decreased with the jet-slot width, while the aerodynamic 

drag of the panhead and bottom frame increased. The 

change in the aerodynamic drag with respect to the jet-

slot width followed a pattern similar to that of the base 

frame.  

(a) 

(b) 

(a) (b) 
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Fig. 17 Correlation between η and Wjet with a jet 

velocity of Vjet/U = 1.0 and position of Ljet/Hp = 0.2 

 

Fig. 19 𝑽𝒙̅̅̅̅̅distributions along various spatial lines in 

front of the pantograph under different jet-slot widths 

at jet velocity of Vjet/U = 1.0 and position of Ljet/Hp = 0.2 

 

 

Fig. 18 Flow velocity in the middle vertical plane under different jet slot width with a jet velocity of Vjet/U = 1.0 at 

position Ljet/Hp = 0.2: (a) Wjet/Hp = 0.05; (b) Wjet/Hp = 0.1; (c) Wjet/Hp = 0.15; (d) Wjet/Hp = 0.2 

 

As shown in Fig. 18, widening the jet-slot width 

gradually increased the energy of the jet, resulting in an 

increase in the synthetic flow angle. Furthermore, the 

impact area expanded from the base frame to the bottom 

frame, while the air in front of the base frame was fully 

absorbed by the upward synthetic flow. In accordance 

with Fig. 19, the streamwise flow velocity increased in 

the reverse direction, leading to an increase in the 

negative pressure exerted on the windward surface of the 

base frame. Consequently, the aerodynamic drag of the 

base frame decreased as the jet-slot width increased. 

However, for the bottom frame, although the flow 

velocity in front of the lower part decreased, the 

introduction of the synthetic flow directly acted on the 

upper part, which significantly enhanced the flow 

separation at the rear of the rods. Consequently, the 

negative pressure on the leeward surface of the bottom 

frame increased, which increased the aerodynamic drag 

of the bottom frame as the jet-slot width increased. 

Moreover, the enlarged synthetic flow angle induced the 

upward movement of the flow from the bottom frame to 

the upper frame, leading to a reduction in the streamwise  

(b) 

(d) 

  

  

(a) 

(c) 
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Table 1 Comparison of η under different mass flow with different jet velocities and jet slot widths 

Q1 Q2≈ 2Q1 

parameter assignment ηQ1/% parameter assignment ηQ2/% 

Vjet/U=1.0 

Wjet/Hp=0.05 
25.03 

Scheme 1: Constant Vjet and variable Wjet 

Vjet/U=1.0 

Wjet/Hp=0.1 

51.64 

Scheme 2: Variable Vjet and constant Wjet 

Vjet/U=2.0 

Wjet/Hp=0.05 

59.23 

 

component of the velocity in front of it. Subsequently, 

the velocity in front of the top section of the upper frame 

increased owing to the incoming flow from the 

mainstream area, as shown in Fig. 19. Since the diameter 

of the lower section of the upper frame’s rod was larger 

than that of the upper section, and the velocity increase at 

the top was smaller compared with the velocity decrease 

at the bottom, the upper frame experienced a reduction in 

aerodynamic drag as the jet-slot width increased. Finally, 

the flow velocity in front of the panhead decreased 

owing to the influence of the upward flow. However, the 

flow affected the rear carbon sliding plate instead of the 

front one, leading to an increase in the positive pressure 

on the front surface and an intensified negative pressure 

on the leeward side of the rear carbon sliding plate. 

Therefore, the panhead experienced an increase in 

aerodynamic resistance as the jet-slot width increased. 

Based on the above investigation, it can be 

concluded that mass flow control is a significant factor in 

reducing the aerodynamic resistance of the pantograph. 

Increasing the jet velocity and widening the jet slot are 

both ways to increase the mass flow rate. To explore the 

contribution of the jet velocity and jet area under the 

same mass flow increment on the drag reduction of the 

pantograph, comparisons were made between different 

parameter assignments under the same mass flow rate, 

including the constant jet velocity and variable jet-slot 

width, and variable jet velocity and constant jet-slot 

width. As listed in Table 1, when multiplying the mass 

flow from Q1 to Q2, the increase in η under scheme 2 

(variable Vjet and constant Wjet) was greater than that of 

scheme 1 (constant Vjet and variable Wjet) with an 

approximate difference of 7.6%. In summary, under the 

same mass flow increment, increasing the jet velocity is 

more effective to reduce the aerodynamic drag of the 

pantograph than increasing the jet area. 

3.5 Energy Efficiency Discussion  

The above studies have proved the effectiveness of 

jet-flow control method in reducing the aerodynamic 

resistance of the pantograph. However, the active jet 

flow is an additional energy consumption source for the 

train, it is hard to evaluate the energy efficiency. In this 

section, dimensionless coefficient of the saved energy 

due to the train aerodynamic drag reduction CES and 

dimensionless coefficient of the consumed energy due to 

the jet flow CEC were defined in Eq. (13) and (14), and 

the net energy saving can be calculated as △CE in Eq. 

(15) (Che et al., 2023b).  

 

 

Fig. 20 Correlation between the net energy saving 

△CE and jet velocity Vjet 
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∆𝐶𝐸 = 𝐶𝐸𝑆 − 𝐶𝐸𝐶                                                           (15) 

where △Fd is the aerodynamic drag reduction value of 

the train with three cars; WB represents the energy 

consumed by the jet flow and SB is the area of the jet slot.  

Since the optimal aerodynamic drag reduction was 

obtained when the jet slot positioned closer to the 

pantograph, the energy efficiency analysis was 

conducted under jet flow with Ljet/Hp=0.2 and 

Wjet/Hp=0.05. As indicated in Fig. 20, when the jet 

velocity exceeded 0.6 times the train speed, the net 

energy saving △CE became negative and the absolute 

value increased rapidly with the increasing jet velocity. 

In this case, although higher jet velocity leads to greater 

aerodynamic drag reduction effect to the pantograph, the 

energy of the overall train with three coaches can only be 

saved at relative small jet velocities (Vjet/U＜0.6). The 

theoretical energy efficiency analysis was significant to 

provide guidance for the engineering application of the 

jet flow control technology in the future, thus 

comprehensive energy efficiency analysis should be 

taken into account in future studies.   
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4. CONCLUSION 

 A numerical approach was utilised to explore the 

effectiveness of the jet-flow control technique in 

reducing the pantograph’s aerodynamic drag. The 

relationships between the aerodynamic drag of the 

pantograph and the position, velocity, and width of the 

jet slot were analysed. The results can be concluded as 

follows: 

(1) The aerodynamic drag reduction rate of the 

pantograph did not differ significantly with the jet 

positions at jet velocities below 1.0U. However, as the 

jet velocity increased, the reduction rate decreased as the 

jet slot moved away from the pantograph. Thus, the jet 

slot should be positioned as close as possible to the 

pantograph.  

(2) When the jet slot was located close to the 

pantograph (Ljet/H < 0.6), the aerodynamic drag 

reduction rate continuously increased with the jet 

velocity. The enhanced drag reduction effect with 

increasing speed weakened as the jet slot moved away 

from the pantograph, and remained relatively stable once 

the jet velocity surpassed 1.2U.  

(3) Increasing the jet-slot width also greatly 

enhanced the drag reduction effect of the pantograph.  In 

other word, the mass flow control of the jet is a primary 

factor affecting the aerodynamics of the pantograph. 

However, at the same increasing mass flow, an increase 

in the jet velocity contributed more towards reducing the 

aerodynamic resistance than an increase in the jet area.   

(4) The energy of the whole train can be saved 

when the jet velocity was blow 0.6U, and the net energy 

saving changed to negative with its absolute value 

increased with the increasing jet velocity.  

Findings in this study provide significant 

engineering guidance for the prospective implementation 

of air-jet techniques in the low-resistance design of high-

speed trains. However, this paper still has some 

limitations. For engineering applications, the effects of 

jet parameters on the whole train aerodynamics, 

including the aerodynamic noise, will be 

comprehensively studied in the future. In addition, 

further comprehensive energy efficiency analysis on 

other variable parameters should be taken into account. 
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