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is analysed. It is found from the results that the aerodynamic drag and lift of the train
have significant differences with or without multiple sets of braking plates. Additionally,
the design variable corresponding to the number of iterations of 89 is taken as the rela-
tive optimal solution, and its opening angles of braking plates (B2-B5) are 87.41°,87.85°,
87.41°, and 89.88°, respectively. The results are expected to provide a reference for the
opening angles design scheme for the future engineering application of high-speed
maglev train braking technology.
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1 Introduction

There are a lot of braking issues that need to be solved with the rapid increase in opera-
tion speed of high-speed trains. Especially for maglev trains, conventional adhesive
braking methods are restricted. Aerodynamic braking is a good technology to achieve
non-adhesion braking by installing braking plates on top of the train, which has the
advantages of environmental friendliness and high efficiency [1]. Meanwhile, it owns
great performance because the aerodynamic braking force increases with the increase of
operation speed. Therefore, it can be adopted as a supplement to braking methods such
as adhesive braking and eddy current braking, especially for emergency braking under
high-speed operation [2].
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As for the research on the braking mechanism of aerodynamic braking, Japanese
scholars are the leaders in this field and have carried out a lot of research based on wind
tunnel experiments and real vehicle experiments [3, 4]. For example, taking a 500 km/h
superconducting maglev train as the research object, the aerodynamic braking device
was installed on the test vehicle MLUOO1 and several tests on the Yamanashi test line
were subsequently carried out in 1988, as shown in Fig. 1. Extensive experimental data
concerning on the aerodynamic braking characteristic was obtained in the test [5].

In recent years, scholars in China have begun researching aerodynamic braking tech-
nology for high-speed trains with numerical simulations, scaled models and full-scale
experimental studies. Many literatures concentrated on the parameters of installation
position and number, shape, different opening angles, braking plate height, axial and lat-
eral spacing, and got the variation rule of braking force and proposed the corresponding
design scheme [6—-8]. Besides, some literatures studied the performance of aerodynamic
braking under special circumstances, such as crosswind environment [9], bird impact
[10] and aerodynamic noise [11]. Lots of research results demonstrated that aerody-
namic braking was an effective and reliable emergency-braking technology in high-
speed trains, and its implementation had also been achieved [12, 13].

In particular, the upstream braking plate will have an aerodynamic interference effect
on the downstream braking plate when the train is equipped with multiple sets of brak-
ing plates [14]. Takami [15] combined the simulation and wind tunnel test and found
that the drag of the braking plate was maximum at an opening angle of 75° to 85°, and
there were a series of interference effects among the plates. Tian et al. [16] studied the
braking force distribution of different numbers and positions of braking plates. It was
found that the front plate would interfere with the braking force of the rear braking
plates. Gao et al. [17] found that the maximum drag and comprehensive braking perfor-
mance were best with the tablet shape and opening angle of 75°. Meanwhile, the interfer-
ence effects of the height, axial spacing and lateral spacing of the front braking plate on
the rear plates were studied. And they found that the aerodynamic interference effect is
obvious when the axial distance between two rows of plates is less than 15 m. Niu et al.
[18-21] studied and compared the interference effect of upstream aerodynamic braking
on downstream aerodynamic braking with or without crosswind.

According to the existing research results, the interference effect can be decreased
by adjusting the opening angles of braking plates. However, the current research about
the opening angles of aerodynamic braking plates mainly focuses on optimizing the

Fig. 1 Aerodynamic braking plates installed on the top of trains [5]
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enumeration method for fewer conditions [15, 22]. Additionally, there is little research
focused on the multiple optimizations of working conditions with lots of calculation
data and research [23]. Therefore, a multi-objective optimization method is adopted to
optimize the opening angles to decrease the series interference effect between multiple
sets of aerodynamic braking plates. The maximum aerodynamic drag and minimum lift
force are taken as the optimization objectives. At first, the computational fluid dynamics
method is used to get the initial and iterative data, which has higher flexibility and meets
the optimization requirements of this study. The results can offer a reference for the
design scheme for the future engineering application of high-speed maglev train braking
technology.

The remainder of this paper is organized as follows. Section 2 presents numerical
simulations, including train models, computational domain, grid generation, grid inde-
pendence analysis and verification. Section 3 presents the theory and progress of the
multi-objective optimization method. In Section 4, the results and discussion, includ-
ing force analysis, characteristics of the flow field and optimization calculation, are pre-
sented. Finally, some key conclusions are listed in Section 5.

2 Numerical simulation

2.1 Geometric models

As shown in Fig. 2, the train model used in numerical simulation is a full-size three-
group high temperature superconductivity (HTS) maglev train composed of a head car,
middle car, and tail car. To ensure the accuracy of numerical simulation, the simulation
model retains the complex structure of the actual prototype as much as possible, includ-
ing windshields and bogies. The overall length, width and streamline length of the train
are about 61.36 m, 2.9 m and 12.98 m, respectively.

(a) 0.70 m 0.70 m
— 2098m —>H<— 18.00 m —>H<— 2098m ——>)

] | ar Middle car Tail car
Bogie 1m  Windshield-1 Windshield-2
£ (=1,2,3,4,5)

[«— 290m —>|

Fig. 2 The aerodynamic geometry model: (@) model of HTS maglev train; (b) vehicle prototype and test line;
(c) parameters of the braking plate; (d) front view
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The arrangement of braking plates is presented in Fig. 2(a). There are five rows of
braking plates with the same size and configuration along the longitudinal centerline
of the train, with a spacing of 8 m, which are installed on the top of the head, middle,
and tail car. Besides, the rectangle braking plate is adopted and the dimensions are set
to 0.9 m x 0.3 m x 0.03 m referring to the literature [24, 25]. For convenience, the five
braking plates from head to tail are numbered B1 to B5 in sequence. The angle between
the braking plate and the operation direction of the train is defined as opening angle S,
(i=1, 2, 3, 4, 5). At the original state, the opening angle is set as 75° and the variation
range is from 60° to 90°, according to the rules of optimal values of the single or multiple
rows of braking plates referring to the literature [6, 15].

2.2 Computational domain

As shown in Fig. 3, the computational field of the train outflow field is established by
referring to the related train aerodynamics literature [19]. The computational domain’s
length, height and width are 400 m, 40 m and 80 m, respectively. In addition, the inlet
and outlet are designated as velocity-inlet and pressure-outlet, respectively. The surfaces
of the train are defined as stationary no-slip walls. To simulate the ground effect effi-
ciently, the ground surface is set as a slip wall and the slip velocity is equivalent reverse
to the operation speed of the train. Then the top surface and both sides are set as sym-
metric planes.

To simulate the complex turbulent external flow field, the Reynolds-averaged Navier—
Stokes equations (RANS) with the shear stress transport (SST) k- turbulence model
was employed, and it is commonly used in this field of train aerodynamics [26, 27]. The
SST k—w model has a better prediction ability for low Reynolds number flows in the
boundary layer and the complete turbulent flows outside the boundary layer. It is widely
employed in the simulation of high-speed trains [28, 29]. A compressible flow solver is
adopted since the velocity of the incoming flow is 600 km/h (Mach number 0.32). The
convection and diffusion terms contained in the flow control equation are discretized
by the second-order upwind and central difference schemes, respectively. To accelerate
convergence, the semi-implicit method for pressure-linked equations consistent (SIM-
PLEC) is employed to process the pressure—velocity coupling.

z Ground
Outlet
3 - Symmetric planes

Top surface

Inlet

Fig. 3 Computational domain
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Fig. 4 Configuration of medium computational mesh: (@) the mesh refinement zone; (b) the cross-section
mesh around the streamline of the tail car; (c) the mesh around the braking plate

Table 1 The drag coefficient C; of the maglev train under different mesh configurations

Items Coarse Medium Fine
Number of meshes (million) 10.20 17.15 31.04
Drag coefficient 0.2003 0.2025 0.2045
Relative error with fine mesh 1.958% 0.881% —
Lift coefficient C, 0.0624 0.0611 0.0581
Relative error with fine mesh 7401% 5.164% —

2.3 Grid generation

As shown in Fig. 4(a), the tetrahedral mesh provided by ICEM CEFD is used to divide the
computational domain. To capture the change of flow field structure near the train surface
more accurately, the total thickness of the prism layer is set as 5.4 mm, the growth rate is 1.2
and the total layers is 8. Due to the complex flow structure around the train, especially in
the braking plates and wake region, the multi-level refinement zone is utilized around the
train referring to Muld [30] in Fig. 4. As shown in Table 1, three mesh configurations are
used to obtain the appropriate mesh. The total number of corresponding meshes is 10.20
million, 17.15 million and 31.04 million, respectively. And the fine mesh contains 22 prism
layers.

2.4 Mesh independence analysis

To select the appropriate mesh size, the aerodynamic drag coefficient and lift coefficient are
compared with the difference between these three mesh configurations mentioned above.
The drag coefficient (C,) and lift coefficient (C)) are defined as follows:

Fy

Cyj=—9

4= 05pAFV2 (1a)
F

o ! (1b)

= 05pApVE
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Where F,; and F; are the aerodynamic drag and lift respectively; p is the air density,
1.225 kg/m? here; Ay is the maximum projected area of the maglev train, 7.81 m? here;
and Vis the operation speed, 600 km/h here.

It can be seen from Table 1 that there is little difference in the drag coefficient among
these three mesh configurations. And the difference in lift coefficient between them is
relatively large. But the relative error of middle mesh and fine mesh is within the rea-
sonable range. Figure 5 shows the comparison of pressure on the top surface under dif-
ferent mesh configurations, and the trend of the pressure coefficient of Curve-1 of the
three mesh configurations is consistent. However, the pressure of the coarse mesh is sig-
nificantly different from that of the others around the tail car, while the pressure of the
medium mesh and the fine mesh is consistent. Therefore, comprehensively considering
the calculation accuracy and computing resources, the medium mesh size is adopted to
carry out subsequent simulations in this study.

2.5 Algorithm validation

In the absence of direct experiment data, the indirect verification method of aero-
dynamic braking plates is employed to illustrate the reliability and accuracy of the
numerical algorithm and results. Firstly, the numerical algorithm used in this study
is consistent with other similar kinds of literature [31, 32], which could prove the
reliability of this method in a sense. Secondly, an experiment similar to the plate
sets adopted in this study was carried out by a wind tunnel in the Railway Techni-
cal Research Institute, which can be used for algorithm validation [15, 18]. As shown
in Fig. 6, the dimensions of the computational domain and plates model used in
the simulation are the same as the wind tunnel test models. The dimension of the
test section of the wind tunnel is 3 m x 2.5 m, and the inflow velocity in the test is
111.1 m/s. The single plate’s width, height and thickness are 0.5 m x 0.21 m x 0.003 m
(angle 75°). The position of the plates is presented in Fig. 6(b). The three-component
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Fig. 5 Comparison of pressure under different mesh configurations
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Fig. 6 Algorithm validation: (a) the test model and (b) the computational model [15]

Table 2 Comparison of aerodynamic drag of plates between wind tunnel test and numerical

simulation
Items Wind tunnel test [15] Simulation Error
Drag 1494 N 1578 N 5.62%

force sensors are used to measure the force of the plates mounted on the base. More
detailed test parameters and settings can be found in the reference [15]. The grid gen-
eration in algorithm validation is the same as that in Section 2.3. The top, bottom, and
two sides surfaces are defined as stationary walls. The front and back of the computa-
tional domain are designated as the velocity inlet and pressure outlet.

As shown in Table 2, the error of aerodynamic drag of the plates between the
numerical simulation and the wind tunnel test is about 5%, which is within the per-
mitted range of 10%. Therefore, it can be considered that the numerical method used
in this study is reliable and the data is accurate.

3 Multi-objective optimization technique

3.1 Mathematical model

A standard multi-objective optimization problem usually contains two or more opti-
mization objectives expressed by a mathematical expression as follows [33-35]:

min fm(x), m= ]-, 21 : "’M’

s.t. xﬁ <x; < x,fl, k=1,2, -, K,

(2)

where f;,(x) represents the m™ sub-objective function; M is the total number of sub-
objective functions, 2 here; xy is the k design variable; xﬁ and x,g are the infimum and
supremum values of the K design variable, respectively; and K is the total number of
design variables, 4 here. There is generally incompatibility among sub-objective func-
tions, and it’s almost impossible for multiple sub-objective functions to achieve the
optimum at the same time. Therefore, it is necessary to coordinate the sub-objective
functions of multi-objective optimization problems to achieve the relative optimum
(Pareto optimal) [36]. As shown in Fig. 7, there are four definitions of Pareto concepts:
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Fig. 7 The schematic diagram of concepts of Pareto dominance and Pareto front [37]

P1 (Pareto dominance): The x and «x’ are the feasible solutions that con-
form to the constraint condition of Eq. (2). And it is called as x dominates &’ if
Vie (1,2, M), fix) <fix)and3j € {1,2,- -, M}, fi(x) < fi(x).

P2 (Pareto optimal): A feasible solution x is called to be Pareto optimal if it is not domi-
nated by all other feasible solutions.

P3 (Pareto optimal solution set): The set of all Pareto optimal solutions in the design
space.

P4 (Pareto front): The set of objective functions corresponding to the Pareto optimal
solution set in the objective space.

So, the key to solving the multi-objective problem is to find the Pareto optimal solution.
As one of the widely used non-normalized methods, the Second Generation of Non-Dom-
inated Sorting Genetic Algorithm (NSGA-II) has the advantage of the elite retention strat-
egy, based on a non-dominated sorting genetic algorithm (NSGA) to maintain the diversity
of the population [37]. Due to the better convergence of the solution set and improved algo-
rithm robustness and efficiency, the NSGA-II is employed to calculate the Pareto optimal
solution of opening angles of multiple sets of braking plates.

3.2 Optimization progress

It is found that there is a series of interference effects between multiple sets of braking
plates from the previous research. And the head car suffered the greatest drag at the angle
of 75° of the braking plate in this study. Therefore, considering the inevitable aerodynamic
interference of B1 and the limited computing resources, the opening angle of Bl is fixed to
75° and the opening angles of the other four sets of braking plates (B2-B5) are chosen to be
optimized, and the adjustment value ranges from 60° to 90°. Meanwhile, the dimensionless
intermediate variable b, is defined as the design variable to facilitate the parameterization of
the original design parameters as follows:

:75(ﬂi — Bo)

b,
' Bo

(3)

Where By is the initial opening angle (75°) of the braking plate; 8; (i=2, 3, 4, 5) is the
opening angle of braking plates from B2 to B5; The value range of ; is [-15, 15].
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As in Fig. 8, the optimization process includes four steps. Step 1: Make the opening
angles of braking plates automatically adjust by recording the macro file and parametric
file in CATIA software and output new models. Step 2: Input the above output models
and achieve meshing automatically by recording the macro file in ICEM CFD software
and output mesh. Step 3: Input the above output mesh and start aerodynamic calcu-
lation automatically by recording the macro file in FLUENT software and output data.
Step 4: In sequence, execute the progress of NSGA-II and judge if the result is the Pareto
optimal solution by combing the input of corresponding optimization design variables,
optimization objectives and scopes in ISIGHT software and output Pareto optimal solu-
tion or new command for CATIA to adjust opening angles of braking plates.

At the beginning of the optimization process, the train aerodynamic drag and lift are
set as the optimization objectives. Besides, the opening angles of braking plates are set as
the design variables with the NSGA-II method. Among them, the initial sampling num-
ber of the genetic algorithm population is 12, the number of evolutionary generations is
15, and a total of 180 aerodynamic calculations are performed.

4 Results and discussion

4.1 Aerodynamic force

Initially, Fig. 9 shows the comparison results of aerodynamic drag and lift with or with-
out braking plates. It was found that the drag and lift forces of the train had significant
differences with or without braking plates. The drag significantly increased by 55.84%
and the lift force decreased by 22.72% with opening plates at 75°. Besides, the drag of
the middle car had a maximum increase of 7765 N, and the tail car had a minimum
increase of 1759 N. As for lift force, the negative lift force of the middle car changed to
positive lift force by 5162 N distinctly. And the lift force of other parts was reduced obvi-
ously. Moreover, the reason why the aerodynamic drag increased was that the pressure

S4:Optimization
Output design

command

Data
Output

Results

Pareto optimal
solution

S3:CFD
calculation

S1:Parametric
modeling

New mesh

New model S2:Automatic

mesh

Fig. 8 The schematic diagram of the optimization process
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Fig. 9 The comparison results of (a) aerodynamic drag and (b) lift with or without braking plates
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Fig. 10 The aerodynamic (a) drag and (b) lift of five groups of braking plates

difference increased due to the increasing windward area of the train with the opening
braking plates. The same as the lift force, the top pressure increased, but the bottom
pressure was not changed, and the aerodynamic lift decreased.

As shown in Fig. 10, the installation position of the braking plates has a great influ-
ence on the distribution of the flow field near the plates, and thus there are significant
differences among the five groups of plates in aerodynamic drag and lift. It can be seen
that the aerodynamic drag and lift of braking plates both decrease gradually from B1 to
B4, and their decrease magnitude also decreases slightly. The aerodynamic force of B5 is
slightly larger than that of B4. And the aerodynamic force of B1 located in the head car
is the largest.

4.2 Structure of flow field

As shown in Fig. 11, the pressure distribution cloud diagram of the train and near brak-
ing plates was drawn to further analyze the change rules of aerodynamic force. As can
be seen from it, a positive pressure area was formed on the windward of the first plate
when the flowing air was blocked by the braking plate, and a negative pressure area was
formed on the leeward. Thus, the pressure difference formed on the two sides of the
braking plate was the main reason for the drag of braking plates. It can be also seen that
the pressure difference between the windward and leeward of plate B1 had the largest
value, and the airflow disturbance near the head car was also obvious, which made the
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Fig. 11 The pressure distribution of maglev train and near braking plates
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Fig. 12 The velocity distribution of longitudinal section of the train

aerodynamic drag of the head car change greatly. From B2 to B4, the four braking plates
were not directly impacted by the head-on wind, and they were affected by the wake of
the flow field of plate B1, so the pressure difference gradually decreased. At the same
time, due to the large spacing between braking plate B5 and B4, the influence of the wake
of the front flow field was reduced, so the pressure difference formed on the windward
and leeward sides of B5 was relatively increased.

Figure 12 shows the velocity field distribution near the train and braking plates. The
high-speed airflow in front of the head car was obstructed by the train nose and then
separated, and part of it flowed along the head car streamline towards the tail car, and
the other part swarmed into the bottom of the train. The top airflow obstructed by brak-
ing plates formed two vortexes and developed along two sides. In addition, while the air-
flow rises and accelerates above the braking plate, a separation flow formed downstream
at the end of the braking plates, and then it will generate vortexes behind the plates and
collapse, diffuse and subsequently reattach to the top surface. Therefore, the vortex gen-
erated by the front braking plate will influence the flow field at a long distance behind

Page 11 of 18
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the braking plate, resulting in a cascading interference effect between multiple sets of
braking plates. As for B1, the energy of the top airflow decreased after being obstructed
by the braking plate, and a low-speed flow field around the leeward side of B1 was gener-
ated. From braking plates B2 to B5, the airflow velocity around the rear plates decreased
due to the rear plates being in the wake region of the front plates, and the intensity of the
vortex generated also decreased.

Overall, opening the braking plates can not only increase the aerodynamic drag of the
train but also reduce its lift force. The aerodynamic force of the braking plates is closely
related to its location’s pressure distribution and flow field structure. Thus, the braking
effect of the downstream braking plate is weakened due to the influence of the flow field
trails of the upstream plates on the downstream plate, while installing multiple braking
plates on the train. Therefore, the opening angles of the braking plates can be reasonably
adjusted to reduce the effect between multiple sets of plates and maximize the train’s
aerodynamic drag. Meanwhile, the lift force can adversely affect the stability of the levi-
tation system of the maglev train, so, the aerodynamic lift of the maglev train needs to be

limited.

4.3 Optimization solution

Figure 13 shows the historical curves of the changes of the design variables in the
optimization process, where the red pentagram points represented the Pareto optimal
solutions corresponding to the design variables obtained in the optimization process.

-8t 1 -8} 1
16~ L L L L 1 1 16— L L L L L 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Iteration times Iteration times
16— T 16— e p— T T T T
8t 8 8t .
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8t g 8t 1
be
161 . . . . . . 16 . . . . . .
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Iteration times Iteration times

Fig. 13 The historical curves of the design variables in the optimization process
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It can be seen that each optimized design variable tended to converge, and four sets
of Pareto optimal solutions were obtained after the iterative calculation of the genetic
algorithm, whose corresponding optimization objectives values are shown in Table 3.

Before optimization, the aerodynamic drag and lift of the train were 41.89 kN and
6.56 kN, respectively. It can be seen from Table 3 that the corresponding drag was the
largest when the number of iterations was 89, which was about 2.22% higher than the
drag at the initial angle. And the lift force decreased by about 17.02%. Moreover, the
aerodynamic lift was the smallest when the number of iterations was 121, which was
about 19.15% lower than the lift force at the initial angle, and the drag was increased
by about 1.58%. Among the four sets of optimization results, there was little differ-
ence in the aerodynamic drag and lift between the number of iterations 89 and 121.
For the adjustment of the braking plates opening angles, the primary target was to
obtain the maximum aerodynamic drag and limit the lift force. Therefore, the design
variables corresponding to the number of iterations of 89 were taken as the relative
optimal solution, and its corresponding braking plates (B2-B5) opening angles are
87.41°, 87.85°, 87.41°, and 89.88°, respectively.

In the next part, the correlation between the design variables and the optimiza-
tion objectives was obtained using Eq. (4), which was utilized to study the correlation
between different braking plates and train aerodynamic force [38].

S (X —X)(Yi - 7)
R— i=1

Where X is the sample mean of X; (i=1, ..., n), and Y is the sample mean of Y; (i=1, ...,
n).

From Fig. 14, the correlations of the design variables B2-B5 with the F are all posi-
tive. Among them, the strongest correlation is b,, and the weakest is b,, so the open-
ing angle of plate B2 most influences the improvement of the train aerodynamic
drag. It is seen that the correlations of B2-B5 with the F, are all negative, where the
strongest correlation is B4. And the weakest is B3. So, the reduction of train aerody-
namic lift is most affected by the opening angle of plate B4. In addition, it is difficult
to achieve the optimization objectives by changing a single design variable. Therefore,
for the maglev train with multiple sets of braking plates, it is necessary to adjust the

Table 3 Design variables and corresponding optimization objectives values

Iteration times Design variables Optimization objectives
b, b, b, bs F4(kN) Difference F, (kN) Difference
0 0 0 0 0 41.89 0 6.56 0
26 12.02 12.85 1241 14.88 4268 +1.90% 6.14 -6.38%
43 12.02 11.97 1241 14.78 4242 +1.27% 572 -12.77%
89 1241 12.85 1241 14.88 42.82 +2.22% 544 -17.02%

121 6.57 12.85 3.17 14.88 42.55 +1.58% 5.31 -19.15%
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Fig. 15 The comparison of aerodynamic (a) drag and (b) lift force of braking plates pre and post
optimization

opening angle of multiple sets of plates to achieve the braking effect of maximizing
the aerodynamic drag and minimizing the aerodynamic lift for the maglev train.
Figure 15 showed the aerodynamic force comparison of braking plates pre and post
optimization of opening angles. It is found that the aerodynamic drag and lift of Bl
were still the maximum values compared with other plates and the overall trend of
aerodynamic drag pre and post optimization kept consistent. As the pressure drag
of B2 decreased, the aerodynamic drag decreased by about 121 N. And the pressure
drags of B3, B4 and B5 increased, so the aerodynamic drag all increased. However,
as shown in Fig. 15(b), the overall trend of aerodynamic lift with optimized opening
angles was slightly different from that without optimization. Besides, the aerodynamic
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lift of optimized plate B4 was larger than B3 and B5, proving that B4 had the greatest
correlation to aerodynamic lift.

As shown in Fig. 16, the aerodynamic drag and lift forces of middle car and tail car
have a significant improvement effect with optimization. Due to the lack of optimiza-
tion of plate B1, the aerodynamic drag and lift forces of head car have no obvious
improvement.

Figure 17 shows the pressure distribution of the braking plates pre and post optimiza-
tion of opening angles. It is found that the optimized maximum and minimum pressure
of plate B1 had a little difference with no optimization on account of the same open-
ing angle, resulting in a slight change of pressure drag. In terms of plate B2, because
the increased optimized maximum pressure of the windward was less than the abso-
lute value of the decreased minimum pressure of the leeward, the pressure drag of B2
decreased. Additionally, for plate B3, the increased optimized maximum pressure of the
windward was more than the absolute value of the decreased minimum pressure of the
leeward, so the pressure drag of B3 increased. Similarly, the pressure drag for B4 and B5
increased.

5 Conclusions

To summarize, the optimal opening angles of multiple sets of aerodynamic braking
plates for the maglev train were obtained by the multi-objective optimization method.
There were some key results:

(1) The aerodynamic drag and lift of the train had significant differences with or with-
out multiple sets of braking plates. Besides, the drag increased by 55.84% and the
lift force decreased by 22.71% obviously with braking plates open at 75°.

(2) The top airflow obstructed by the braking plate created two vortexes and then
developed along two sides. In addition, a separation flow formed downstream at
the end of the plate and generated vortexes behind the plate. Therefore, the vortex
generated by the front braking plates will influence the flow field at a long distance
behind the plates, resulting in a cascading interference effect between multiple sets
of braking plates. So the plate B1 has the best braking effect, and the braking force
of B2 to B4 is reduced.

(3) The design variables corresponding to the number of iterations of 89 were taken as
the relative optimal solution, and its corresponding braking plate (B2-B5) opening

T

12000

20404 20456 |:| Without optimization [ without optimization 9739 9300
20000 - [ With optimization 2000 [ With optimization
= ~ 4000 i
2 15000 - 12 2L )
= S
<
11705 12378 0
10000 + 9600 9897 |
-4000 g
L -6959 -7039 4
5000 -8000 ) )

Head car Middle car Tail car Head car Middle car Tail car
Fig. 16 The comparison results of aerodynamic (a) drag and (b) lift with or without braking plates
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Fig. 17 The pressure distribution of braking plates pre and post optimization

angles were 87.41°, 87.85°, 87.41°, and 89.88°, respectively. The corresponding drag
was about 2.22% higher than the initial angle, and the lift force decreased by about
17.02%. Moreover, the improvement of the train aerodynamic drag was most influ-
enced by the braking plate B2, and the reduction of train aerodynamic lift was most
affected by the braking plate B4.

In this study, only four groups of opening angles of braking plates (B2-B5) were opti-
mized, primarily considering the limited computing resources. But real scenarios
involved more complex parameters, like the installation position and number, shape,
spacing distance, etc. This study only discussed the feasibility and applicability of the
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multi-objective optimization method with CFD for the maglev train. Future studies
should consider optimizing algorithms to reduce computational consumption to solve
real engineering scenario problems. In conclusion, the results could be a reference for
the opening angles design scheme for the future engineering application of high-speed
maglev train braking technology.
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