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Abstract: The maglev flight tunnel is a novel conceptual aerodynamics test facility, in which the
complicated aerodynamic characteristics caused by the high-speed translation of a moving model
in a long, straight, closed tunnel, and wave propagation and aero-structure single-way coupling
problems can be investigated. The unsteady characteristics originating from a high-speed model in
the maglev flight tunnel were investigated and evaluated with regard to aero—structure coupling.
The new conservation element and solution element method was used to solve the 3-D compressible
fluid surrounding a moving model in a tunnel, and the variations in the aerodynamic parameters,
wave propagation characteristics, and pressure distribution in the tunnel were obtained. The results
provide support for key technical problems, such as a wave-absorbing construction design of the
maglev flight wind tunnel.

Keywords: maglev flight tunnel; fluid structure interaction; unsteady aerodynamics; conservation

element and solution element method; numerical simulation

1. Introduction

In the aerospace field, the development of various types of advanced military and civil
aviation vehicles requires significant changes in national security and social economics.
Simultaneously, many new aerodynamic problems require breakthroughs [1]. Basic and
frontier problems such as accurate high-speed aerodynamic forecasting and integration
design, turbulent drag reduction, boundary layer rotation, and ground effects are strongly
dependent on wind tunnel testing, imposing greater requirements for the flow dynam-
ics, low disturbance properties, and special simulation capabilities of wind tunnels than
before [2]. Therefore, it is increasingly difficult for conventional wind tunnel equipment
to meet the increased need for special aerodynamic testing [3]. In addition, within the
research field of advanced railway traffic, railway technology such as magnetic vacuum-
pipeline hypervelocity trains have been incorporated into the Chinese “13th Five-Year Plan”
priority research and development program. The vacuum-pipeline train faces a range of
complex aerodynamic problems, such as shock boundary layer disturbances, supersonic
aerodynamic drag reduction, shock reflection in the pipe, and the piston effect, which
must be researched using wind tunnel testing [4]. Currently, traditional supersonic wind
tunnels are limited by insufficient simulation authenticity resulting from the size of the
test segment (length and area of the transect) and relative movement of the air flow. The
aerodynamic properties of aerospace vehicle or hypervelocity train motion models and
their power, thermal, structure, and control coupling effects in restricted spaces are difficult
to solve in traditional supersonic wind tunnels [5-8].

The concept of a “flight wind tunnel” was first proposed by American researchers
in the 1990s. Unlike previous wind tunnels, this has a special operation mode and better
“moving model-static wind” characteristics. The NASA Langley Research Center began to
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focus on this entirely new ground-testing equipment early on and called it the High-Lift
Flight Tunnel [9]. Three key research projects were carried out and a plan to develop
the technology was demonstrated; however, no significant progress has yet been made,
due to the high levels of difficulty associated with the key technologies of the design
and construction.

The maglev flight tunnel is a new concept in wind tunnel equipment, which uses
the concept of a vacuum—pipeline train combined with the moving model test method.
The rationale is to install a maglev-driven model in a long, straight, closed pipe. The
system uses electromagnetic suspension, traction, and directional technology to drive a
high-speed model to simulate the physical movement processes of various types of aircraft
and high-speed trains. By constructing a test state of “moving model-static wind” that
is close to the real flight environment and moving characteristics of the test models, the
maglev flight tunnel can satisfy the aerodynamic testing needs of aerospace vehicles and
high-speed trains under the wide Mach and wide Reynolds number ranges, low noise, low
turbulence intensity, high vacuum (high altitude), special gas medium, and restricted space
conditions, along with interdisciplinary problems [3,4].

A test model in the maglev flight wind tunnel is driven by a high-speed maglev
technique to control its acceleration, uniform speed, and deceleration in the enclosed pipe.
By changing the motion of the model by implementing high-precision adjustment and
control of the Mach number, the rapid acceleration or deceleration process of the model and
the aerodynamics of the sharp speed change phenomenon can be simulated in the tunnel.
During testing, the aerodynamic force and acoustic wave propagation generated by the
high-speed movement of the model in the wind tunnel are very complex. Simultaneously,
there are interactions between the aerodynamic characteristics and structure of the model
and maglev platform during the high-speed movement of the model in the closed pipe,
which produces a fluid-structure coupling problem [10]. The traditional computational
fluid dynamics (CFD) simulation method has some limitations when dealing with coupling
problems under high-speed motion in moving models. The dynamic model test process
must be numerically simulated using the fluid structure interaction (FSI) method combined
with moving mesh technology, and the aerodynamic characteristics of the dynamic model
under high speeds in the closed pipe should be evaluated using FSI, which can provide
strong technical support for the design of the maglev flight wind tunnel flow control system.
From this, a maglev flight wind tunnel design scheme and dynamic model test method for
the capacity can be constructed.

The FSI simulation for the moving body in the long and closed tunnel is not easy to
propose because of the large amount of computation cost. The technique for FSI simulation
can be classified into monolithic and partitioned coupling; as for the monolithic FSI simula-
tion, all the equations which govern sub-problems and the interaction between fluid and
solid are rendered into a single system, and the accuracy, as well as the computation cost,
are high. On the contrary, the two different solvers for the fluid and solid sub-problems
are coupled in partitioned, and the one- or two-way data exchange between them must be
established, so that in this way, the solvers can be tailored, and the computation cost can be
highly reduced. For the FSI problem of the moving body coupling with the surrounding
flow in the wind tunnel in this paper, the aim of considering the FSI effect is to better
capture the wave propagation induced by the high-speed translation of the solid model,
the effect of the fluid on the solid can be neglected, and the contact surface is constant; thus,
we could use the one-way partitioned FSI simulation technique to solve the problem.

According to the characteristics of the maglev flight wind tunnel test speed, the
simulation conditions were established in response to the actual test requirements of the
maglev flight wind tunnel. Using FSI, a space-time conservation element and solution
element (CE/SE) theoretical method and zonal coupling technology for the aerodynamic
structure that could be used to study the supersonic FSI problem were developed to
simulate and analyze the unsteady aerodynamic characteristics of the entire process of
acceleration, uniform speed, and deceleration in the closed pipe. The FSI mechanism of
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high-speed motion in the closed pipe under the dynamic model was analyzed, and the
time-history curve of the disturbed flow field parameters was obtained. The multigrid-
distributed calculation based on CFD simulation provided support for the design of a
maglev flight wind tunnel flow control system and wave elimination measures.

2. Problem Statement

The maglev flight tunnel designed in this paper consisted of accelerating, constant
speed, and decelerating sections. The overall length of the tunnel was 1 km, the acceleration
section length was 450 m, the constant speed section length was 150 m, and the diameter
was 6 m. In this study, we focused on how the aerodynamics changed in the closed
tunnel during the acceleration and constant-speed phases. A simplified schematic of the
maglev flight tunnel is shown in Figure 1, with a scaled high-speed train used in railway
transportation as the model, The model vehicle was 2.2 m high and 60 m long. The blockage
effect for the aerodynamic test in the flight tunnel for the high-speed train was similar to
the traditional wind tunnel test, which was chosen as 20%, as shown in Figure 2.

Accelerating Section  Constant speed Section Decelerating Section
450m _| 150m | 400m

Figure 1. Layout of maglev flight tunnel.

Figure 2. Schematic of high-speed train model and maglev flight tunnel.
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3. Methodology
3.1. CE/SE Governing Equations

Unlike the conventional wind tunnel model, the model of the maglev flight wind
tunnel is in motion and the fluid medium is in a static state. To analyze the complex
pressure wave system generated by the model’s movement and the law of the wall, the
fluid-structure coupling effect of the model’s high-speed motion process was considered. Si-
multaneously, the maglev flight wind tunnel test model had a transonic supersonic velocity
range; therefore, the compressibility of the surrounding flow field was also considered.

CE/SE is a numerical integration method containing high-resolution conservation
equations that has emerged in recent years. The model proposed by Chang in 1995 [11]
unified time and space and treated them equally. By defining the solution element (SE)
and conservation element (CE) using a conservation integral equation, both the local and
whole are strictly satisfied by the conservation law [12]. Developed by Zhang et al., this
method is used as a new compressible body solution algorithm to solve two- and three-
dimensional unsteady Euler equations and has been applied to solve typical multi-physical
field coupling problems such as shock waves, aerodynamic noise, and magnetohydrody-
namics [13-15].

First, the one-dimensional wave propagation equation is given as follows:

ou ou

o Tag. =0 1)

where a > 0 is the convective term constant. The equation discretizes the element space and
generates discrete points at different space positions and given times. The CE/SE method
considers time as an additional space coordinate by constructing a two-dimensional Euler
space domain and applying the Gaussian divergence theorem in internal time and space.
Thus, converting Equation (1) from the differential to the integral form, we obtain [12]:

f heds =0 @)
(V)

where S(V) is the boundary of any time-space domain, and a unit volume is established
in the domain. The unit volume is guaranteed to be conserved locally in time and space
and processed uniformly, which is key to constructing the CE. Subsequently, the SE is
established such that the variables in the SE unit are sufficiently small to carry out the
approximate Taylor series expansion of fluid variables near the inner boundary of the
time—space region at the center of a point on the coordinates in the domain.

duy duy

u*(x,t) = uq(x,t)—i-g(x—xq) —0—¥(t—tq) (3)

The time and space derivatives are correlated by the convection-diffusion equation
of fluid:

W) = tgs) + S (5= x) —alt — )] @

The convection—diffusion equation of fluid can then be used to correlate the derivatives
of time and space, so that there are only two unknowns and their spatial derivatives.

Finally, to close the system, two CE equations are defined and the convection equation
in integral form is obtained, as shown in Equation (2). The CE/SE format can ensure the
uniform conservation of SE in time and space. To ensure fluid conservation, time and space
integrals are performed along the linear domain formed by CE as follows:

N
h,-ds =0 5
fs(CEi) o ds 5)
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The solution process can be defined using boundary conditions, including applied
pressure, density, temperature, and velocity. Using non-reflective boundary conditions in
the treatment of far-field boundary conditions, for the solid wall and reflective boundary
conditions, the normal velocity component should be equal and opposite to the incoming
velocity, so that the interface velocity is zero. In addition, for the fixed wall boundary, the
tangential velocity component should be opposite to the direction of the incoming flow, so
that the interface is empty.

As for the thermodynamic considerations in the CESE method we proposed in this
paper, the adiabatic expansion of ideal gas is applied. The incremental change in internal
energy is dU which could be given by

=H

_u 4
¢ povo  p(k—1) @)

And integrated to yield

Solving for the pressure
p = (k—1)pe ®)
To further analyze the unsteady flow characteristics of the flow field around the
model and validate the reliability of the FSI method, the surrounding disturbed flow field
was analyzed separately based on the CFD method. Relevant aerodynamic numerical

simulation assessments were carried out to provide the basis for a detailed design of the
maglev flight tunnel using dynamic mesh technology.

3.2. Fluid Solver

The control equation is a constant Euler /Navier-Stokes (NS) equation group in an
arbitrary coordinate system, which can be expressed as follows [16]:

00 oE OF oG oE, oF, 9G,
%*ag*a;ﬁag‘Nws'(ag*an* 86) )

where Q is the solution vector and 7 is artificial time. The inviscid fluxes in the {—, —,
and {—directions are E, F and G, and E,, F, and G, are corresponding viscous fluxes. When
the above equation is separated using the finite volume method, the following discrete
equations are obtained:

v 3 2 2

Lsotw ag(A(SQ)—I-aU(B(SQ)+a§(C(5Q)] _ RHS (10)

RHS = —(§+£+§)(M+NWS-(@+8—E’+aé”)(n) 11)
BT oz "oy e (

where A, B, and C are the Jacobian matrices of flows in three directions, 6Q = Q(”H) - Q(”),
and V =1/]. w = 1 represents the first order accuracy of the time direction, whereas w =1/2
represents the second order.

The lower-upper symmetric Gauss-Seidel method was used to discretize the left of the
equation, whereas the MUSCL-Roe scheme was used to discretize the right of the equation.
MUSCL-Roe has low format stickiness and high numerical accuracy; therefore, it is suitable
for fine simulations of complex flows. For the flux splits, Roe’s flux differential split was
used. The solution format was in a full and second-order upwind format.
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3.3. Turbulent Model

The widely used turbulence model, a two-equation model of Menter’s k-Omega shear
stress transport (SST) [17,18], was used in this paper. The calculation was mainly based on
the SST two-equation model. The SST model was obtained by Menter to further enhance
the computational capacity of the strong reverse pressure gradient separated flow. The
control equations were as follows:

Dk _ 1, g 13 [(, )2k
Dt PPk ﬁkw+Paxi[(y+‘7k>axJ' {12)
Dw 1, 2,190 e\ dw _ 1 ok ow
Dt pr pv +P3xi[(y+%>axi}+2(l Fl)%zwaxiaxi’ 13)
. aypk
U = mm[pk/w, QFJ' (14)

where k and w are the quantity of Wilcox’s k — w model, p is density, p is viscosity, a; = 0.31
is a model constant, 3 = 0.09 is a model constant, and F;, F; a blending function given in
Ref. [19]. For the boundary conditions, no-slip velocity conditions were used on the solid
body surface. The computing grid was created using the splicing method, and the splice
boundary conditions were used to deliver the values of the splice face. The inlet and outlet
were defined as the pressure boundary. The models operated at a Mach number of 0.5.

4. Numerical Simulation
4.1. FSI Platform

For the aerodynamic-structure coupling problem, the fluid and structure solvers
must be solved uniformly, information transfer variables found, and coupling platform
established. Here, the CE/SE and structural dynamics algorithms can be coupled to
realize the aerodynamic-structure coupling simulation of the high-speed motion process.
Since the two algorithms can be calculated independently, the flow field and structure can
be meshed, and the time step set separately. The coupling system automatically tracks
the minimum time step in the two domains for calculation. The aerodynamic—structure
coupling process requires the Lagrange structure to be embedded in the fluid domain and
the node displacement and velocity information to be transferred to the fluid solver in
each time step. During the initial solution time step, the CE/SE algorithm first uses the
initial velocity and pressure to solve the compressible flow field and obtain the interface
pressure. Then, the pressure is applied to the structure domain as the boundary condition.
After solving the structure domain, the displacement and velocity of the node are obtained,
and the displacement and velocity of the boundary node are returned to the fluid field so
that the fluid and structure enter the convergence iteration process. When the convergence
conditions are satisfied, the next time step is calculated. The specific fluid—structure
coupling iterative process of the whole system is shown in Figures 3 and 4.

Fluid Pressure forces

CESE .
\ > Mechanical

Structure Solver

Compressible

Fluid Solver Displaccments &
velocity

< Lagrangian

Eulerian

Figure 3. Fluid structure interaction platform.
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Figure 4. Flowchart to solve fluid structure interaction based on conservation element and solution
element algorithm [20].

4.2. FSI Modelling

The structural finite element model was mainly composed of the maglev flying wind
tunnel platform and test model. The fluid model schematic diagram is shown in Figure 4.
The length of the fluid grid field was 1000 m. According to the characteristics of the
CE/SE coupling solution algorithm, a structured grid was adopted for the flow field with a
minimum grid size of 0.01 m. We assumed that the platform and structural models had no
deformation and were made of rigid materials.

4.3. FSI Simulation and Results

Two simulation conditions were established according to the maglev flight wind tunnel
test conditions. The total length of the pipeline was 1000 m, divided into acceleration,
uniform speed, and deceleration or braking sections. The maximum speed of working
condition 1 was 170 m/s and that of working condition 2 was 340 m/s. Both the acceleration
and deceleration were uniform. The specific condition parameters are shown in Table 1.
Gravity was considered in all the simulation conditions. The model simulated a test
plugging ratio of 20%, that is, the resistance area of the model movement process accounted
for 20% of the available area of the pipeline cross section.

Table 1. List of fluid structure interaction simulation conditions.

Case Movn(lrgn /\Slv)eloaty Static Pressure (Pa) Density (kg/m3)
No. 1 170 101,325 1.25

No. 2 340 101,325 1.25
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A total of five cross sections with longitudinal positions of 0, 450, 500, 600, and 1000 m
inside the wind tunnel pipe were obtained, and the time-varying curves of pressure on the
cross sections under the movement process of the closed pipe were the output. The results
of each cross section under working condition 1 are shown in Figure 5. The 450, 500, and
600 m cross sections exhibited two peak pressure wave values. The first pressure wave
arrived a little earlier than the motion model at the selected cross section. The speed at the
head of the compression wave was significantly faster than the model movement speed, fell
sharply after the peak, and then increased slowly. After the compression wave generated at
the head of the model moved through a cross section, the expansion wave generated at the
tail reappeared at the same cross section. The second wave peak existed simultaneously
to the deceleration of the model, which was the moment when the compression wave
generated by the model movement met the reflected wave generated by the end wall of
the pipe and moved to the cross section. The cross section at the end of the pipe at 1000 m
exhibited only one wave peak, which appeared in the deceleration phase of the model.

1.25

1.2

Pressure/Pa
-

a

I3 5

-

0.95

0.9

0.85 . . I I I

Figure 5. Time-history curves for pressures on corresponding sections of tunnel in working condition 1.

The results of each cross section in working condition 2 are shown in Figure 6. The
pressure curve variation rule shows that the 450, 500, and 600 m cross sections exhibited
similar pressure waves to those of working condition 1. However, the 1000 m cross section
at the end of the pipeline experienced multiple peak values, which could be the result of
multiple pressure waves on the end wall.

x10°

Pressure/Pa

Timels

Figure 6. Time-history curves for pressures on corresponding sections in tunnel for working condition 2.
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Combined with the time-varying pressure wave curves in the model movement
process of the two working conditions, and compared with the time-varying curves of the
model movement velocity, we found that, when the model was running at a uniform speed
in the test section, the pressure waves at the cross section in the test section had fluctuation
peaks, which is not conducive to carrying out aerodynamic tests. In addition, the triggers
for the time movement speed pass show no significant effect on the wave propagation for
both conditions. Therefore, it is necessary to take measures to suppress the pressure wave
generated by the high-speed movement of the model in the test section.

Figures 7 and 8 show working conditions 1 and 2, respectively, as the aerodynamic
changes over time. The case with a maximum model speed of Mach 0.5 showed that the
aerodynamic drag was at a constant speed in the acceleration section with no obvious
changes, and the deceleration period had a maximum resistance of 1.1 times the lowest
resistance. At the maximum speed of Mach 1.0, the aerodynamic resistance of the moving
model began to decrease slightly and reached the minimum in the deceleration stage, with
the peak value of aerodynamic resistance about twice that of the earlier stages. Both the
variations in the drag curves for the two conditions show periodic fluctuations at Mach 0.5;
this phenomenon occurs during the acceleration period, while for Mach 1.0, the periodic
fluctuation shows during the deceleration period. This difference is mostly correlated with
the wave propagation speed.

=10*

1.45

-
kS

135

Aerodynamic drag/N
P

1251

1.2

Timels

Figure 7. Time-history curves for aerodynamic drag under moving model in working condition 1.
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[=-] N N - o [--]
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Figure 8. Time-history curves for aerodynamic drag under moving model in working condition 2.



Aerospace 2023, 10, 34

10 of 16

Figures 9 and 10 are three-dimensional velocity cloud diagrams and the Schlieren
number results of the unsteady flow field evolution in the acceleration, uniform-speed, and
deceleration processes of the model in a straight, closed pipe. The propagation process of
the wave system in the high-speed motion process of the model in the pipe can be clearly
seen in the figure. The forward moving speed of the wave front was significantly faster
than that of the model. Therefore, when the model does not reach the end of the pipe, the
wave front reaches the wall ahead of the model and produces a reflection.

Fluid_Velocity
3.981e+02
3.583e+02
3.185e+02_|
2787e+02 _
23880402
1.990e+02
15926402
1.194e+02
7.962e+01
3.981e+01
0.000e+00_|

Fluid_Velocity
3.983e+02

3.585e+02
3.187e+02 |
2788e+02 _
2.390e+02
1.992e+02
1.593e+02
1.195e+02
7.966e+01
3.983e+01
0.000e+00

Fluid_Velocity
4.014e+02

3.613e+02
3.211e+02_
2.810e+02 _
2.409e+02
2.007e+02
1.606e+02
1.204e+02
8.020e+01
4.014e401
0.000e+00 _|

Figure 9. Velocity contours at different times under moving model for Mach 1.0.

4.4. CFD Validation
4.4.1. Parallel Multigrid Algorithm and Train Movement

The parallel approach uses an area decomposition method for data division. Based on
the number of processors, the entire computational area (computational grid) is automati-
cally divided into several sub-areas during the pre-processing process. This means that the
computing grid is divided evenly into a number of separate parts, and each is assigned to
separate processors. The initial flow field parameters or the geometric parameters of the
corresponding sub-area are loaded into each processor to initiate the computational process.
During each full-scale scan, each processor completes the calculation of the corresponding
sub-areas and transfers the functions library by calling messages to exchange the data in
the area boundary. The data on the flow field calculation results are retained for each area.
One of these processes, referred to as root processes, is responsible for the collection of the
full-field residual data, processing of the time statistics, discrimination of the convergence
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criterion, broadcasting of convergence messages, analysis of parallel efficiency, and merging
of the flow field.

Schlieren_number
8.000e-01
7.200e-01
6.400¢-01 |
5.600e-01_
4.800e-01
4000601
3200601
2.400e-01

1.600e-01
8.000e-02
0.000e+00 |

t=1s

Schlieren_number
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5.600e-01_
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3.200e-01
2.400e-01
1.600e-01
8.000e-02
0.000e+00

Schlieren_number
8.000e-01
7.200e-01
6.400e-01 _|
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3.200e-01
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1.600e-01
8.000e-02
0.000€+00

Figure 10. Schlieren distribution contours at different times under moving model for Mach 1.0.

Multigrid techniques are used in calculations to accelerate the convergence of the flow
field calculation. In 1977, Brandt first applied multigrid technology to solve discrete forms
of non-linear differential equations. Since then, this method has been increasingly used to
solve discrete equations in flow and heat exchange problems [21-23]. With the development
of other numerical methods, the multigrid technique has made great progress. Many
numerical experiments have shown that the multigrid technique, when applied rationally,
tends to raise the rate of convergence of steady flow calculation by one or two scales, which
is currently recognized as one of the most effective methods of acceleration.

During the Euler /NS equation solution process, high-frequency errors can be elimi-
nated quickly and simultaneously in the iterative solution using error analysis, whereas
the elimination speed of low-frequency errors is much slower, significantly decreasing the
convergence rate of the flow field. The idea of the multigrid is to use a series of increasingly
thick grids to quickly eliminate high-frequency errors on various layers of grids to acceler-
ate the convergence. Low-frequency errors that cannot be eliminated on the densest grid
become high-frequency errors on the thick grid, which are easy to eliminate. As a result,
the iteration between different-density grids can quickly eliminate all frequency errors on
the densest grid layer for a rapid convergence of the flow field. For moving grid models,
dual-grid technology was applied to mesh the wind tunnels and model.

The train movement could be realized by the parallel multigrid algorithm presented
above; here, we give the prescribed moving velocity curve for the train model at different
conditions, including uniformly accelerated motion and uniform motion.
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4.4.2. CFD Modelling

To analyze the true aerodynamic properties of the calculation model with a blockage
of 20%, the calculation considered the entire tunnel, which was 500 m long and 6.0 m in
diameter. The model vehicle was 2.2 m high and 60 m long, as shown in Figure 11.

Figure 11. Grid of vehicle model and wind tunnel with blockage of 20%.

The vehicle model and wind tunnel used non-structural grids. To ensure numerical
accuracy, the boundary layer needed to be generated on the surface of the vehicle model,
which contained a four-story boundary layer. The vehicle model area combined with
the tunnel was processed using interpolation with a moving grid. The computational
model with 20% blockage had an overall computing grid of approximately 65 million. The
central-area grids of the flow field and vehicle models were properly refined. These area
grids are shown in Figure 11.

4.5. Validation Results and Comparison

The aerodynamic properties of the model such as the speed, pressure, and vortex were
calculated and displayed in distribution clouds, as shown in Figures 12-14. For models
with a blockage of 20%, the blocking effect during the model movement was evident. From
the numerical simulation results, the test vehicle model had a relatively weak tail flow and
tail vortex when it moved in the maglev flight tunnel. In working condition 1 with a speed
of 170 m/s, the tail flow was approximately 15 m long during the acceleration phase, as
shown in Figure 13. On the surface and vicinity of the test vehicle model, the static pressure
distribution pattern was similar to that of the vehicle model in a conventional wind tunnel,
with higher pressure distributed at the front and end of the model, and lower pressure
distributed at the middle of the model, as shown in Figure 14.

Contours of Velocity Nagnitude (w/s)

2

89 857 2 a5 11849 12314 14378 18042

Figure 12. Distribution of speed.



Aerospace 2023, 10, 34 13 of 16

Contours of Vorticity Nagnitude (1/s)

contour-1
Vorticity Magnitude:

[1s] 000 2000 40.00 680.00 20.00 100.00 12000 14000 180.00 180.00 200.00

Figure 13. Distribution of vortex.

Contours of Static Pressure (pascal)

contour-2
Static Pressure.

[pasgﬂﬁi.sg 50349.42 93544.97 100740.52 102938.08 105131.81 10732718 109522.71 111718.28 113913.80 116108.35

Figure 14. Distribution of static pressure.

On the tunnel wall in front of the dynamic test vehicle model, a higher static pressure
area was created. However, the pressure difference in these two areas was relatively large:
approximately 5000 Pa between the high- and low-pressure areas, as shown in Figure 15.

Contours of custom—function—0

contour-2
custom-function-0

-6000.00 -4200.00 -3600.00 -2400.00 -1200.00 0.00 120000 240000 380000 4200.00 6000.00

Figure 15. Distribution of static pressure pulsation.

When the blockage of the model was large, the fluctuating pressure coefficient of the
strength of the compressed wave in front of the model was 14.4% relative to the dynamic
pressure of the model, which was much higher than that of a smaller blockage model.
Therefore, the intensity of the disturbance wave needs to be contained.

When the wind tunnel was in use, the compression wave, expansion, and airflow
disturbance caused by the high-speed movement of the model were reflected in the tunnel
body, presenting different pressure states at different positions. To study the dynamic
aerodynamic characteristics of the gas in the pipe caused by the movement of the model car,
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the flow field in the pipe at different times was recorded and analyzed, and the axial static
pressure distribution at the top of the pipe wall at different times is shown in Figure 16.

10000 L 1
0 100 200

Figure 16. Static pressure distribution on tunnel wall at different times.

The results show that, during the high-speed motion of the vehicle model at Mach 0.5,
the compressed wave in front of the model was moving forward and away from the model.
The compressed wave caused a rise in the wall pressure of approximately 4000 Pa. The
static pressure around the model was low, at approximately 10,000 Pa below the ambient
pressure of the wind tunnel. The increase in pressure caused by the expansion wave at the
back of the model was minimal.

The comparison results of the pressure, as well as drag, along the wind tunnel during
train movement for condition 1 between FSI and CFD simulations are listed in Table 2; it
can be seen from the comparison results that the CFD aerodynamics are close to the FSI
simulation, which provide a good support for the FSI simulation, while the overall CFD
results are smaller than the FSI results, so that perhaps the disturbance of the solid effect on
the fluid needs to be considered as the FSI simulation did. Furthermore, for the velocity
distribution of Figure 10, the high region is around the model, which is coincident with
the corresponding pressure distribution of the CFD in Figures 14 and 15. All in all, the tail
region of the model needs to be more carefully considered.

Table 2. Comparing results between FSI and CFD simulation.

Time (s) Simulation  Pressure (Pa) Error Drag (N) Error
4 FSI 102,445 1.58% 12,870 4.8%
CFD 100,826 12,252
5 FSI 107,754 1.92% 13,100 2 02%
CFD 105,682 12,835
FSI 97, 13,2
6 5 680 5.26% —3 >0 1.49%
CFD 92,543 13,052
FSI 1 2 13,41
8 5 06,65 2.09% —3' 0 0.95%
CFD 104,421 13,283
10 Fsl it 0.68% —12'710 1.27%
CFD 100,652 12,548

5. Conclusions

Based on the CE/SE fluid-structure coupling method, an aerodynamic-structure
coupling simulation of the high-speed movement process of a moving model in a pipeline
was carried out. For each working condition, we modelled the convergence and obtained
a complete dynamic model of the motion process of the flow field. Simulation results
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were used to evaluate the modelled aerodynamic properties in the pipeline and pressure
wave propagation in the movement process. Finally, using the CFD method, we further
verified the reliability of the unsteady-flow dynamic characteristic calculation results.
The results provide a theoretical basis for the design of a pipeline flow control system.
The fluid—-structure coupling method can be used to evaluate the unsteady aerodynamic
characteristics of the dynamic model moving at high speeds in a closed pipe from the
perspective of aerodynamic-structure coupling.
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