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ABSTRACT

Evacuated tube maglev train (ETMT) system aims to advance ultra-high-speed transportation, featuring unique high-speed flow phenomena
and complex shockwave dynamics in low-pressure environments that demand further exploration. This paper examines the flow structures
and aerodynamic loads of the ETMT over a range of Mach numbers from 0.8 to 2.0. Leveraging a compressible, density-based solver based
on the Advection Upstream Splitting Method, extensive numerical simulations of the ETMT were conducted across transonic and supersonic
regimes, revealing diverse aerodynamic characteristics under varying operational conditions. The research delineates how aerodynamic prop-
erties distinctively shift with operating Mach numbers. In supersonic conditions, distinct shockwave effects emerge prominently, and as the
train’s velocity escalates, there is a consistent reduction in overall drag and lift coefficients, resulting in a net reduction of 32% in the total
train drag coefficient (a most economical Mach number of 1.8) and the lift diminished by 38%. However, notable disparities exist in the drag
and lift coefficients among different train sections. These insights are instrumental in understanding the aerodynamic behavior of tube trains

at ultra-high speeds and serve as a crucial guide for the train’s exterior design.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0247678

I. INTRODUCTION

Magnetic levitation trains, renowned for their swift speeds, mini-
mal vibration, and low noise levels, have emerged as a cornerstone in
the evolution of rail transport.” In a visionary quest for next-
generation, highly efficient transportation systems, a novel integration
of evacuated tube transport with superhigh-speed maglev trains has
been advanced.” This innovative approach brings maglev train tech-
nology to the threshold of sonic speeds and beyond. Recently, the con-
cept of evacuated tube maglev train (ETMT) has increasingly gripped
the public imagination, tracing back to Robert Goddard’s seminal 1904
proposal and further elaborated in the 1930s by Herman Kemper in
his patent applications for maglev trains.”” Despite protracted research
and intermittent advancements due to various societal factors, the
project’s evolution presses forward. In 2013, Elon Musk coined the
term “Hyperloop” for this avant-garde tube transport system.” By
2017, Hyperloop One had erected the globe’s first test track for

superhigh-speed rail, clocking speeds up to 387km/h. In the same
vein, Virgin Hyperloop conducted its inaugural manned trial, propel-
ling its high-speed levitation transport system to 172km/h within
6.25s. In China, the world’s first test platform for high-temperature
superconducting maglev vehicles named “Super-Maglev” has been pio-
neered.® Prominent nations such as Germany, Japan, and China are
spearheading the rapid development of maglev systems. Technology’s
promise of high efficiency, energy conservation, lighter structures,
reduced pollution, and minimal noise heralds a revolutionary leap in
rail technology. Leading projects like the long-anticipated Swiss metro
and the contemporary Hyperloop initiatives underscore this strategic
direction. Continued research is penetrating deeper into the funda-
mental and technical aspects of ETMT.

As the surrounding air reaches sufficient density, the impact of
resistance on vehicle dynamics becomes significant, underscoring the
necessity for meticulous aerodynamic considerations.” "' The flow
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dynamics induced by the Evacuated Tube Maglev Train (ETMT)
involves one or more trains operating within a tube, generating for-
ward compressive and rearward expansive disturbances, collectively
defined as tube train flow.'” The low-pressure environment is also piv-
otal in augmenting the levitation capabilities of the ETMT. This flow
scenario involves the rapid relative motion between the tube walls and
the train, characterized by intricate internal and external flow dynam-
ics."” The high velocities initiate profound aerodynamic disturbances,
extending the flow’s longitudinal dimension considerably. These dis-
turbances travel substantially further within the tube before dissipating,
setting tube train flow apart from conventional open-air or tunnel-
based train travel.'*'> With the increase in vacuum degrees, the expan-
sion area of the train’s wake contracts and the strength of shock waves
are mitigated, contributing to the improved stability of the train within
the tube.'® This distinctiveness necessitates focused research.

In-depth investigations by numerous scholars into the fundamen-
tal scientific issues related to vacuum tube maglev transportation have
led to notable advancements in computational fluid dynamics (CFD)
in the ETMT arena.'”'” ** To alleviate choking effects and enhance
operational efficiency, optimizing the design of the train’s exterior”**
and the tube structure”** remains a fervent focus of contemporary
research. The operation of supersonic trains within sealed tubes has
unveiled novel aerodynamic phenomena.””*” It is particularly notable
that when the ETMT operates, pressure resistance is more pronounced
than shear resistance.”’”' To significantly reduce the aerodynamic
drag and energy consumption of the train, it is crucial to refine the
train’s frontal design and the tube’s structural configuration.’”
Moreover, during deceleration, pressure drag exceeds that experienced
during acceleration,” and the aerodynamic performance of a multi-
vehicle ETMT system demonstrates that decreased inter-vehicle spac-
ing markedly reduces aerodynamic drag, with this effect being more
pronounced at elevated Mach numbers.”” Zhou et al.”* and Zhou and
Zhang™* have detailed the emergence and evolution of wave phenom-
ena—specifically shockwaves and expansion waves—highlighting the
occurrence of normal shockwaves, reflected shockwaves, and expan-
sion waves within the tube. The phenomenon of aerodynamic heating,
due to the train’s operation in an enclosed tube, is significant.
Temperatures within the tube are predominantly influenced by pressure
waves, with the foremost areas of the train experiencing the highest tem-
peratures, primarily attributed to normal shockwaves.”*”* The interplay
of shock and expansion waves leads to relatively cooler temperatures at
the train’s rear,” and there exists an approximate linear relationship
between the blockage ratio and the tube wall temperatures.”” Moreover,
the initial ambient temperature inside the tube also affects the flow
structure of the train’s wake.”” Additionally, the interaction and
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reflection of shock and expansion waves on the tube walls, a result of
tube effects, can induce vibrations in the tube structure.””*"*”

Research to date has largely focused on the aerodynamic drag
impacts during low to medium speed operations of maglev train at
subsonic velocities below 600km/h.”*"’ Notably, when the Mach
number falls below 0.65, both the total and pressure drag coefficients
initially rise with increases in train speed and subsequently diminish as
the speed decreases.”’ In contrast, the shear drag coefficient follows an
opposing trend.”"*" Investigations into the aerodynamic characteristics
of trains operating at supersonic speeds in environments with pres-
sures below ambient atmospheric levels remain exceedingly rare.
Furthermore, most numerical studies have relied on simplistic two-
dimensional, axisymmetric models of trains and tubes, which fail to
account for ground effects and track configurations.'””’ The narrow
suspension gaps inherent in these models can significantly influence
the formation of wave systems, while the compressible flows at ultra-
high speeds give rise to a plethora of nonlinear phenomena.”
Therefore, this paper introduces a comprehensive three-dimensional
ETMT model that incorporates rail for better analyzing aerodynamic
characteristics across a range of Mach numbers in both transonic and
supersonic conditions. Section I details the computational models for
both the tube and train, including the methods used for setting up
CFD simulations. Section III discusses the validation of the CFD mod-
els, incorporating both grid independence tests and wind tunnel exper-
iment verifications. Section IV offers a detailed analysis of the data
collected. This paper concludes with Sec. V, summarizing the key find-
ings and implications.

Il. METHODOLOGY
A. Geometric model and boundary condition

This research utilizes a maglev train model, as illustrated in Figs.
1(a) and 1(b) as the geometric model. The train’s height, H=4.2 m, is
used as the characteristic length to dimensionally scale other measure-
ments. The width of the train is 0.88H, and its total length is
L=19.04H, segmented into the head carriage, middle carriage, and
tail carriage, each, respectively, measuring 6.42H, 6.20H, and 6.42H.
The tube model, inspired by high-speed rail tunnel architectures, is
depicted as a straight tube; simplifications were made to the track
model to ease mesh generation around the track area. The cross-
sectional area of the train is 11.91 m?, that of the tunnel is 49 m?, and
the track’s cross-sectional area is 1.84 m2, which results in an opera-
tional blockage ratio for the train of 0.253. A 1/10 scaled model was
utilized in the simulations. To rigorously examine the impact of the
train’s operating speed on its aerodynamic characteristics, this study
designs a spectrum of operational scenarios, extensively detailed in

(@) — (b
L=19.04H
/'Head Carriage Middle Carriage Tail Carriage \
v, 6.42H 6.20H 6.42H
(c) -far- tlet) >
=»| Pressure-far-field (inlet)  No-slip wall(train) Slip wall (tube) 4 =
he Z é >
b A [ / ( ( >
I T — 1300 —] I 176H

FIG. 1. Geometric model and boundary conditions: (a) the front view of both the train and tube, (b) the side dimensions of the train, and (c) computational domain and boundary

conditions.
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TABLE I. Parameter variables across different operating conditions.

Condition Ma vu/(kmh™') Vacuum (atm) Blockage ratio

Case-1 0.80 979.2
Case-2 1.00 1224.0
Case-3 1.20 1468.8
Case-4 1.40 1713.6 0.1 0.253
Case-5 1.60 1958.4
Case-6 1.80 2203.2
Case-7 2.00 2448.0

Table I of the document. These scenarios contain various train speeds
and corresponding environmental setups to enable a comprehensive
comparative analysis.

The tube train operates within a narrowly elongated tube, allowing
for the disregard of boundary disturbances at both ends. This study con-
centrates on dissecting the aerodynamic characteristics around the tube
train, significantly curtailing the computational domain’s length using a
non-reflective pressure-far-field approach. As depicted in Fig. 1(c), in
alignment with the train’s velocity and the computational domain
requirements of railway tube,””*” the diameters at both ends of the tube
are established at 130 and 176 times the tube train’s characteristic length,
respectively. The pressure-far field, apt for compressible flow models
with infinite free-stream conditions, sets the domain’s inlet and outlet to

ARTICLE pubs.aip.org/aip/pof

B. Meshing strategy

The volumetric mesh utilizes a trimmer-hexahedral topology in
STAR-CCM+. This mesh configuration incorporates prism layers at
the boundary surfaces to enhance detail and accuracy. In the broader
mesh areas, a pristine hexahedral mesh is constructed and seamlessly
connected to the outer mesh through a process of strategic cutting or
“trimming” of the outer hexahedral structures, which integrate these
with the prism layers."* Given the significant variations in the flow
field around the train, the mesh is meticulously refined in the areas
immediately preceding and following the train to enhance accuracy in
simulations.””*® As shown in Figs. 2(a) and 2(f), multi-level refinement
zones are strategically employed to enhance the resolution of flow sol-
utions in critical areas, including the wake region, underneath the
train, and along the tracks. Twenty-two layers of prism mesh are
assembled on the train and the tube, with a stretch ratio of 1.1 to
resolve the viscous sublayer within the turbulent boundary layer, as
depicted in Figs. 2(b)-2(e). The thickness of the first prism layer is set
at 0.2 mm to achieve a y* value of 1.

C. Data preprocessing

To ensure the accuracy and comparability of the results, the data
dimensionless has been rendered. Here are the definitions for the aero-
dynamic drag coefficient (Cy), lift coefficient (G), pressure coefficient
(C;), and temperature ratio (Cr),

P—Po
accommodate inflow under pressure-far-field conditions and eliminat- G = 050702 1)
ing the Riemann reflection, specifying incoming Mach number, temper- F
ature, and pressure. The train’s surface features a no-slip stationary wall, Cq = % , (2)
while the tube walls are treated with a slip condition, synchronous with 0-5pAuvie
the inflow’s velocity. An environmental pressure of po = 0.1 atm and an G = il 3)
initial temperature of T, = 298.15 K (25 °C) are maintained. 0.5pAqvy?’
l(a) e W i :|
/
b) 4 © N ® D secsiiiin
T
A
i ine MeshTHEEH AR
i (d) p i i Extremely Fine Mes
@ ! T ! ++
AH
+
2
@ et
5= I 22s
g
28
Jiss
Jid
L1 é—
if
'8

FIG. 2. The Mesh of the tube and the train: (a) the longitudinal section, (g) the surface mesh, (f) the cross section, and (b)—(e) the boundary layers.
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CT - TO ) (4)
where Fy and F, represent aerodynamic drag and lift, respectively,
while p and T denote absolute pressure and temperature, respectively.
These variables are computed using fluid dynamics software.
Assuming a constant gas temperature and molar mass, the air density
p correlates directly with environmental pressure; hence at 0.1 atm, it
is set to 1.225 x loflkg/m3 . The train’s velocity v, is calculated as
Ve = Ma-c, where ¢ =340 m/s represents the speed of sound. The
train’s cross-sectional area A, = 11.91 m” reflects the maglev’s largest
x-directional projection. The standard ambient temperature Tj is
maintained at 298.15K.

The overall drag (Fy) comprises pressure-induced drag (Fg,) and
friction-induced drag (Fgy), defined as

Fap

Cop = —— 5

® = 0 5pAgve’ ©)
F

Car o (6)

T 05pAgw?

where Cy, and Cgs represent the pressure and friction drag coefficients,
respectively, cuamulatively defined as Cy.

D. Numerical configuration

For the presented investigation into the aerodynamic effects of
the ETMT, several foundational assumptions will be established: (1)
The train operates at its top speed in a straight trajectory with uniform
velocity, overlooking the phases of acceleration and deceleration; (2)
Both the tube and the train’s skin are modeled as sealed, smooth, adia-
batic surfaces, discounting any external or internal heat transfer; (3)
The air within the tube is evenly mixed, and the temperature and pres-
sure are homogeneously distributed before the train’s motion com-
mences; (4) The internal air is considered as a calorically perfect gas
whose specific heat capacity remains stable regardless of temperature
or pressure variations. Given the high-speed movement of the train
within a closed tube, the study had to accommodate the air’s com-
pressibility by applying three-dimensional, transient, and compressible
flow equations. These equations account for air density and dynamic
viscosity in accordance with the ideal gas law and Sutherland’s law.”**

The Improved Delayed Detached Eddy Simulation (IDDES) was
employed for turbulence modeling. For complex flows such as flow
separation and reattachment, the IDDES method can more accurately
predict flow characteristics and is suitable for flows with complex
boundaries and geometrical shapes.18 This method, an advancement
over the standard Detached Eddy Simulation (DES), combines the
Reynolds-Averaged Navier-Stokes (RANS) model for boundary layers
and irrotational flows with Large Eddy Simulation (LES) for the
remaining flow areas. IDDES enhances DES by integrating wall-
modeled LES, which significantly optimizes the balance between com-
putational precision and processing time. This approach has become a
staple in the aerodynamics analysis of trains due to its efficacy.”” '
Facing rigorous simulation demands, a dual-stage simulation protocol
was adopted to quickly stabilize convergence: initial steady-state simu-
lations using the shear stress transport (SST) k-« RANS model fol-
lowed by transient analyses with the SST k- IDDES model, both
implemented using the Advection Upstream Splitting Method. This
methodology not only stabilizes the flow field but also captures
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essential physical data at constant-speed conditions and dynamic phe-
nomena such as choked flow and shockwaves, with a convergence
threshold for residuals setat 1 x 10~°.

The tube’s airflow was deemed compressible and treated with a
viscous model based on Sutherland’s law, solved using an implicit,
density-based solver. Spatial discretization was managed via a least
squares gradient method, enhancing cell-center calculations, while tur-
bulence and dissipation terms were discretely handled using a second-
order upwind approach to maximize accuracy. The transient simula-
tions provided detailed insights into specific aerodynamic phenomena
such as choked flow and shockwaves. Due to varied intake Mach num-
bers and evolving flow dynamics, achieving a stable state required dif-
ferent durations for each design scenario, with total simulation times
consistently exceeding 1.5s.

lll. VERIFICATIONS
A. Mesh independent validation

To effectively utilize computational resources while ensuring
accuracy, the presented study defined three mesh configurations:””
Coarse mesh, Middle mesh, and Fine mesh. Each was assessed under a
condition of Ma=1.8 to compare aerodynamic drag and lift coeffi-
cients as outlined in Egs. (2) and (3) from Sec. IID. According to
Table T, discrepancies in drag coefficients across the meshes were min-
imal, yet lift coefficients showed greater variability. The relative error
between Middle and Fine meshes was less than 5%, while it surpassed
5% between Coarse and Fine meshes, indicating that the Middle mesh
strikes an optimal balance between precision and resource usage.

The distribution of pressure and temperature coefficients along
the Y =0 plane is presented at Fig. 3, which reveals consistent trends
in pressure and temperature coefficients across the mesh settings, con-
firming that primary flow characteristics are well captured even by the
Coarse mesh. However, detailed comparisons highlight notable dis-
crepancies in pressure and temperature around the train’s mid and
rear sections when using the Coarse mesh, while the Middle and Fine
meshes demonstrate closer agreement. Thus, the Middle mesh suffi-
ciently resolves essential flow features without incurring additional
computational costs and time.

B. Numerical verifications

Numerical methodologies are required to precisely simulate intri-
cate flow dynamics, necessitating the implementation of wind tunnel
experiments and the application of Computational Fluid Dynamics
(CFD) to replicate these phenomena and confirm the reliability of
CFD setup methodologies. However, as the evacuated tube maglev
train (ETMT) remains in the developmental phase, wind tunnel
experiments are infrequently conducted, particularly under supersonic

TABLE Il. C4 and C, of the maglev train under different mesh configurations.

Phys. Fluids 36, 126126 (2024); doi: 10.1063/5.0247678
Published under an exclusive license by AIP Publishing

Items Coarse mesh  Middle mesh  Fine mesh
Grid amount (million) 10.56 21.15 33.24
Cq 1.625 1.709 1.746
Relative error 6.93% 2.14% e
G 0.543 0.520 0.497
Relative error 9.35% 4.42%
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FIG. 3. Parameter values under different density of mesh: (a) C, and (b) Cr (example at Ma = 1.8).

conditions. Consequently, this study references a wind tunnel trial on
an ejector-based system performed at the Institute for Chemical
Propulsion at the German Aerospace Center.”””* This experiment was
numerically replicated using the methodologies outlined in Sec. II D.
Figure 4(a) delineates the computational domain employed for this
test, offering a robust reference for the numerical configurations uti-
lized in the ETMT algorithm. The test section measures 0.3 m in length
and 0.05 m in width, with a 3° expansion at 0.058 m from the top. The
injector, featuring a wedge shape, has a length of 0.032m and a tip
angle of 12°, placed 0.035m from the inlet and 0.025m from the
boundary, at the center of the test section’s width. The operation pres-
sure here is p,m, = 1 atm. The inflow at the test section’s entrance has a
Mach number of 2.0, closely aligned with the supersonic speeds tested
in the ETMT.

This study replicated the wind tunnel’s setup, using a similar
computational domain and boundary conditions and employing the
numerical algorithms and configurations as outlined in Sec. IID.
Monitoring focused on the static pressure distribution along the x-
direction at the centerline of the wind tunnel’s sidewall, comparing it
to the wind tunnel test data shown in Fig. 4(b). The results from the
numerical simulations not only align closely with the experimental
data in terms of numerical values but also follow similar trends,
thereby confirming the accuracy and reliability of the numerical
approaches used in this research. The Nash-Sutcliffe Efficiency

58

coefficient (NSE) is employed here to evaluate the predictive accuracy
of nonlinear quantitative fits. The formula is specified as

2
Nsg = 1 - 2 01 =) f(,x'z) %
Z ()’i -7,
where ;= p/pym, with y representing the average of y;,. The function
f(x) denotes the cubic spline data smoothing fit from CFD experimen-
tal results. Utilizing this formula, the NSE value computed for Fig. 4(b)
is 0.87, indicating a substantial correspondence between the wind tun-
nel test outcomes and the CFD numerical simulations, which confirms
the appropriateness of the CFD configurations.

IV. RESULTS AND DISCUSSION
A. Shockwave within the tube

Intriguing and complicated phenomena are present in the wake
flow at the rear of the train, which differ significantly from those
observed in the wake of traditional high-speed trains. This analysis
delves into the wake flow dynamics of the ETMT operating at a speed
of Ma=1.8. Figure 5 delineates the wake flow topology along the ver-
tical centerline plane (Y =0), which accentuates asymmetry in the
upper and lower portions of the wake.

Within the evacuated tube transport system, the space between
the train and the tube can be regarded as a Laval nozzle. The

Unit: mm

(a) | (b) 100
l 1= -r- e — — ] Numerical simulation
' Air, Ma=2 ® |Inject0r, 14x®1 I E = 0.68 Wind-tunnel test
wc Eo—al = _ .
| _sectionaa ]} == £°
I N . =R e e R R 1 \Q
1.0 %X [

300

il

70'68.00 0.02 0.04 0.06 0.08 0.10 0.12

FIG. 4. Comparison of numerical simulation and wind tunnel test: (a) the geometric configuration and (b) the dimensionless pressure on monitored line.
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FIG. 5. Fundamental principles of shockwave formation (example at Ma = 1.8).

streamlined aft section of the train forms the divergent part of this noz-
zle, where the classical Prandtl-Meyer isentropic flows are most pro-
nounced, particularly at the tail's apex.” This segment experiences
accelerated airflow and a consequent decrease in pressure. Owing to
substantial expansion, the pressure surrounding the tail dips below the
ambient undisturbed pressure. Two oblique shockwaves, identified as
SW1 and SW2 in Fig. 5, arise on the maglev train’s dorsal and ventral
surfaces. These shockwaves facilitate flow redirection and an elevation
in pressure. SW1 interacts with the upper boundary of the tube, trig-
gering a reflective wave, SW3. Moreover, the reverse pressure gradient
instigated by SW1 and SW2 precipitates a flow separation at the tail
tip, spawning a shear layer that intensifies the wake’s unsteadiness and
instability. This shear layer, upon reattaching to the ground wall, forms
a reattachment shockwave, SW4, which thereafter progressively
retreats from the ground. The area between SW3 and SW4 witnesses
irregular intersections that culminate in the formation of triple points
and a Mach disk. The boundary layer initially exhibits relatively mini-
mal thickness, and progressing along the flow direction, the boundary
layer on the train’s surface incrementally thickens. Upon the airflow
encountering the streamlined portion of the rear car, it undergoes
acceleration due to expansion, resulting in a reduction of the boundary
layer thickness. Additionally, when the shockwave engages the unsta-
ble shear layer, discernible separation bubbles emerge. Oblique shock-
waves and expansion waves persistently reflect and propagate along
the tube surfaces, countering to the train’s motion. As the shockwaves
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and expansion waves’ energies disperse due to air viscosity, their inten-
sity wanes, leading to a gradual diffusion and an observable disparity
in airflow velocities across the upper and lower regions, distinctly evi-
dent in the extended wake zone linked to the shear line.

As illustrated in Fig. 6(a), the interaction between expansion
waves and shock waves results in a complex structure within the wake
flow. The presence of Prandtl-Meyer flow in the annular gap at the
rear of the train contributes to the formation of expansion waves.
Upon contacting the tube wall, these expansion waves reflect and gen-
erate reflected waves, effectively reproducing the expansion waves.
Concurrently, due to the separation of the boundary layer, oblique
shock waves are also produced at the rear of the train; these waves
reflect off the wall and give rise to additional oblique shock waves.”®
Previous research has indicated that shock waves exert a notable influ-
ence on the boundary layer, potentially leading to increased thickness
in the viscous region and resulting in fluctuations in pressure and tem-
perature amplitudes.”” For instance, in Region I, the interaction
between expansion waves and shock waves creates a pressure differ-
ence between Regions II and III. This pressure difference does not sig-
nificantly alter the characteristics of the wave system following the
interaction, meaning that it does not substantially affect the downward
trend of pressure and temperature. However, when the expansion
waves interact along the centerline, an increase in air speed occurs,
accompanied by a corresponding decrease in temperature and pres-
sure. Subsequently, as the oblique shock waves reconvene, the Mach

Cr

1.0L 1.2L 1.4L

1.6L 1.8L 2.0L

FIG. 6. The structure of the wake at the train tail with Ma = 1.8: (a) Schematic of the interaction of the shockwaves and expansion waves as well as (b) C, and Cy along moving

directions.
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FIG. 7. Propagation of normal shockwave in the wake region of the ETMT (example at Ma = 1.2).

disk, characterized by irregular reflections, emerges near the axis, with
shock waves reflecting off the wall upon encountering the Mach disk.
Figure 6(a) also reveals significant diamond-shaped structures result-
ing from various wave interactions within the train’s wake. Under the
influence of viscosity at the interface between the wall and the air, these
diamond structures gradually dissipate, yielding unit structures repre-
sentative of shock waves and expansion waves. The behavior of these
unit structures holds important physical implications, with rectangular
units indicating shock compression and circular units denoting expan-
sion.” Analysis of the jet reveals that the C, values and Cr values in
Fig. 6(b) highlight fluctuations of local maxima and minima along the
centerline. These fluctuations can be attributed to wave interactions,
where peaks occur in proximity to shock wave interactions, while
troughs are associated with expansion wave interactions. In supersonic
flows, a shockwave front emerges when airflow speed undergoes a
rapid transition from supersonic to subsonic, as depicted in Fig. 7. As
the train operates at sonic speeds, the normal shockwave propagates
progressively farther from the vehicle, advancing at subsonic velocities.
Over time, the post-shock flow field approaches a new state of equilib-
rium, the pressure gradient within the space gradually diminishes, and
the delineation of the normal shockwave boundary becomes progres-
sively indistinct.

Figure 8(a) showcases pressure contour maps for various Mach
numbers across different cross sections. At Ma = 0.8, the front of the
train exhibits minimal pressure buildup, with no wave structures
detected surrounding the tube. As the Mach number reaches 1.0, pres-
sure accumulation becomes prominent at the front of the train, inten-
sifying with increasing Mach numbers. The pressure seamlessly

transitions from the train’s nose to its body. A vivid shockwave phe-
nomenon emerges at the rear, with shockwaves bouncing between the
tube walls, weaving a complex pattern of intersections. Due to the
tube’s three-dimensional configuration, dual shockwaves form at the
juncture of the train’s shoulder and tail, projecting toward the tube
walls. These shockwaves, upon hitting the walls, reflect back, forming
intersecting shockwaves at the tube’s core and weaving an intricate
mesh of wave interactions. These intersecting waves persistently reflect
and extend toward the outlet, steadily losing strength. Moreover, the
wake of the maglev train displays significant fluctuations, markedly
influencing the shockwave array. Figure 8(b) depicts the pressure con-
tour maps along the longitudinal sections for different Mach numbers.
At Ma= 0.8, the train’s front shows no signs of pressure buildup. By
Ma = 1.0, a buildup of pressure commences, escalating as the train’s
speed increases. Notably, sharp shockwaves begin to manifest, intensi-
fying with the train’s velocity. The wake of the train reveals a consider-
ably more intricate flow compared to its front. The train and the tube
collectively function akin to a Laval nozzle, with the wake serving as
the expansion section, where Prandtl-Meyer expansion fans emerge,
accelerating the airflow and decreasing the pressure to create slanting
shockwaves within the tube. As the train accelerates, the Laval nozzle
effect becomes increasingly pronounced. Furthermore, as the maglev
train hurtles through the evacuated tube, the limited space above the
track and beneath the tube complicates the flow dynamics.
Shockwaves predominantly populate this area, forming a cone remi-
niscent of a trumpet, with the apex situated at the rear nose of the mag-
lev train. The upper region of this cone is distinctly more pronounced,
while the bottom, shaped by the maglev track’s influence, remains
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FIG. 8. Pressure distribution inside the tube under different Mach numbers: (a) the top view and (b) the side view.
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FIG. 9. Temperature distribution inside the tube under different Mach numbers: (a) the top view and (b) the side view.

nearly flat. These shockwaves extend toward the tube walls, where they becomes evident in the wake. These shock waves, influenced by the

reflect and crisscross, creating a diminishing yet complex array of rear car’s expansion waves, gradually dissipate as energy is dissipated,
shockwave patterns stretching toward the tube’s exit. while new diamond wave structures continuously evolve. Influenced

Aerodynamic heating arises from the compression of air around by these expansion waves, the temperature boundary layer along the
swiftly moving objects, wherein the airflow’s kinetic energy is trans-  car’s body narrows at the shoulders before thickening. Together, the
formed into thermal energy. A thorough examination of how tempera- train and the tube effectively form a Laval nozzle, with the wake area
ture and pressure distributions interact with the train’s dynamic and acting as the expansion section. This area witnesses Prandtl-Meyer
the directional airflow within the tube’s annular space is critical. expansion fans, which accelerate the airflow and lower the tempera-
Figures 9(a) and 9(b) illustrate temperature contours in both cross- ture, creating extensive areas of reduced temperature and generating
sectional and longitudinal sections. At a Mach number of 0.8, there is  oblique shockwaves within the tube. The manifestations of the Laval
neither temperature build up at the train’s front nor notable shockwave nozzle effect become more pronounced as the train accelerates.

activity at its rear. However, as the incoming Mach number escalates,
so does the intensity of the high-temperature zones at the train’s fore-
front. Air near the train’s nose accumulates and undergoes intense
compression. By the time the Mach number reaches 1.0, significant
temperature accumulation manifests at the front, intensifying with the

B. Surface pressure coefficient analysis

Special focus is directed toward the variations in surface pressure
coefficients. The train is segmented into three distinct areas based

train’s increasing velocity. Concurrently, pronounced shockwave phe- ~ On its cross-sectional = changes: the streamlined head region
nomena emerge at the train’s rear, which grow more distinct with (0 <x/L <0.2), which functions as a contraction zone; the body region
greater speeds. The airflow dynamics in the wake of the train is sub- (0.2 <x/L<0.8); the site of boundary layer development; and the
stantially more intricate. A complex sequence of shock waves initiates, ~ streamlined tail region (0.8 <x/L<1.0), an expansion area. As
develops, and dissipates around the rear car, leading to intricate tem- depicted in Fig. 10(a), in the streamlined head section, extending up to

perature fluctuations in the surrounding airflow. Near the nose tip of ~ x/L=0.16, there is a gradual decrease in the pressure coefficient in the
the rear car, a zone of reduced temperature forms, influenced by direction of train travel. Notably, at x/L = 0.16, where the streamlined
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adverse pressure gradients that induce temperature separation within head intersects with the body section, the pressure coefficient dips to a
the boundary layer, resulting in a vortex structure at this location. As minimum, followed by slight fluctuations near this juncture. The body
the train advances, a distinct pattern of diamond-shaped shock waves section witnesses a continued decline in the pressure coefficient,
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FIG. 10. Pressure distribution along axis x at (a) the top of the train and (b) the bottom of the train.
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although the rate of this decline moderates, especially at higher speeds
with Mach numbers from 1.00 to 2.00, where the fluctuations in the
pressure coefficient begin to stabilize. At Mach 0.8, the reduction in
the pressure coefficient is more marked. Within the tail’s streamlined
section, the pressure coefficient is significantly affected by shockwaves,
leading to persistent fluctuations. These fluctuations reflect the intense
shockwave activities at the train’s tail and the dynamic reflections and
interactions of shockwaves against the tube walls.

A detailed analysis of the maglev train’s underside pressure coeffi-
cients is also depicted in Fig. 10(b), where the red dashed line clearly
delineates the pressure coefficient trends along the train’s position x/L.
This analysis, covering various segments from the train’s front to its
rear, zeroes in on the aerodynamic behaviors under differing Mach
numbers. From 0 < x/L < 0.2, irrespective of the Mach number, the
pressure coefficients decrease, indicating a reduction in pressure at the
train’s front underside due to aerodynamic effects, regarded as a char-
acteristic of the Laval nozzle, linked to accelerated airflow and minimal
flow resistance. The presence of the track further narrows the internal
space of the tube, exacerbating the choked flow at the train’s front
underside. Observations in the midsection, 0.2 < x/L < 0.8, under
Mach numbers between 1.00 and 2.00, show that although the pressure
coefficient continues to decrease, this decrease significantly slows and
nearly stabilizes, due to mature boundary layer development creating
smoother flow dynamics. At Ma=0.8, the pressure coefficient not
only continues to decrease but also does so at an increased rate, reflect-
ing more pronounced aerodynamic effects at lower speeds. In the rear
section, where 0.8 < x/L < 0.9, the pressure coefficient exhibits a more
pronounced decline due to the dynamic flow characteristics prevalent
in the train’s extended tail region. The airflow in this region either
accelerates or encounters complex separations, as depicted in Fig. 5.
This segment acts as the genesis zone for the Prandtl-Mayer Fan,
characterized by the emergence of expansion waves. These waves pre-
cipitate a reduction in both pressure and temperature, thereby generat-
ing gases with increased velocities. In the terminal section, where
0.9 < x/L < 1.0, the pressure coefficient initially declines before experi-
encing a sharp rise, establishing a local minimum. This dynamic is
linked to variations in the Mach number, with higher Mach numbers
intensifying the observed minimum. This behavior is primarily due to
the interactions between the shock waves emanating from the train’s
tail and the boundary layer. Following this, there is an increase in
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pressure triggered by the formation of an oblique shock wave at the
train’s nose, as illustrated in Fig. 5, precipitating a notable escalation in
both pressure and temperature values.

C. Surface temperature coefficient analysis

The temperature dynamics within the tube is heavily influenced
by wave phenomena, particularly the shockwave-induced heating of
the air surrounding the train. Furthermore, the train endures signifi-
cant frictional heating within its surface boundary layer, an effect
amplified by the sealed, evacuated nature of the tube, thereby exacer-
bating the aerodynamic heating. Consistently across various x/L ratios,
the surface velocity of the train increases with its speed. Initially, the
air at the train’s front end is rapidly compressed, resulting in a temper-
ature rise—this is explained by the ideal gas law, where pressure and
temperature are directly proportional, a scenario commonly observed
in aircraft and other high-speed vehicles. Moreover, the friction
between the airflow and the train’s surface generates considerable heat.
As the ETMT races against air molecules, substantial heat is produced.
With increasing speeds, this friction-induced heat intensifies, leading
to an elevation in surface temperature.

As is shown in Fig. 11, on the Y =0 plane, intersecting the top
surface of the train, the section from 0 < x/L <0.2 represents the
train’s aerodynamically streamlined head, where surface temperatures
sharply decline along the direction of travel. From 0.2 <x/L < 0.8,
although the surface temperature continues to fall, the rate of decrease
is slower compared to the contraction zone at the train’s head. This
moderation in temperature drop is due to the diminishing flow area
caused by the development of the boundary layer, where both the
streamlined head and the straight body act as contraction zones—the
former through geometric changes and the latter due to changes in
physical flow dynamics. In the streamlined tail section, influenced by
Prandtl-Meyer expansion fans depicted in Fig. 5, the temperature
gradually decreases from 0.8 < x/L < 1.0. In this section, the surface
temperature initially reduces gradually with minor fluctuations, and
then near x/L=1.0, it suddenly spikes to its maximum due to the
effects of oblique shockwaves. The airflow at the train’s tail becomes
extremely complex, creating localized high temperatures. As this area
acts as an expansion section, the airflow accelerates to supersonic
speeds until it encounters a shockwave, which then slows the airflow,
causing both temperature and pressure to rise.
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FIG. 11. Temperature distribution along axis x at (a) the top of the train and (b) the bottom of the train.
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This study also reviews the maglev train’s streamlined underside,
a simplified area with a small cross-sectional profile. Within the
0 < x/L < 0.8 range, the temperature steadily increases in the direction
of the train’s movement, reaching a peak at x/L = 0.8. This peak results
from a congestion effect prevalent at high speeds, leading to continu-
ous energy accumulation. From 0.8 <x/L < 1.0, the temperature
slightly decreases in the direction of travel, with a sudden fluctuation
at x/L = 1.0. This temperature variability is triggered by oblique shock-
waves and expansion waves (shown in Figs. 5 and 6); at points where
the shockwave intersects with the train’s tail surface and where bound-
ary layer separation occurs, there is a localized increase in temperature.

An additional critical aspect of the flow behavior near the rear of
the train is the flow separation resulting from the interaction between
the curvature of the train’s surface and the shock wave and the bound-
ary layer. The presence of the shock wave intensifies the adverse pres-
sure gradient, thereby facilitating flow separation. As illustrated in
Fig. 12, the separation of airflow around the tail of the train creates a
region of elevated temperature. An analysis was performed on the flow
variables represented by the red line at a position 0.0125L from the
train’s tail. From the centerline to point A, the temperature remains
consistently high within the flow region, whereas the pressure experi-
ences a significant decrease, progressively reaching its maximum rate
of decline. In the region away from the centerline, the temperature
exhibits a marked decrease, while the pressure diminishes relatively
slowly from point A to point B and then shows a slight recovery near
point B, resulting in a small local maximum. Subsequently, the pres-
sure begins to decrease gradually, while the temperature experiences a
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sharp decrease, with the rate of reduction gradually diminishing. These
flow variables then stabilize slowly until they reach the shock waves at
points C and D, at which point the flow characteristics undergo further
gradual changes. Furthermore, Fig. 12 indicates that when the Mach
number (Ma) is equal to or greater than 1.0, the formation of shock
waves aligns closely with the trends observed in the dimensionless flow
variables. Conversely, at Ma = 0.8, the trends of the flow variables dis-
play notable differences, primarily due to the fact that, under these
conditions, the shock wave is still in the process of formation and has
not yet fully developed.

D. Aerodynamic load analysis

This analysis delves into the aerodynamic loads impacting vari-
ous sections of the train, with specific reference to Tables III and IV,
which detail the average drag and lift coefficients under diverse opera-
tional scenarios. Table III reveals that the majority of the train’s total
drag comprises pressure drag and friction drag, with pressure drag pre-
dominating, accounting for about 80% of the total. This significant
pressure drag results primarily from the shockwaves generated in the
tube as the train operates at high velocities. These shockwaves create a
substantial pressure differential between the train’s front and rear,
manifesting as pronounced shockwave-induced drag. Figure 13(a)
indicates that the head car contributes most significantly to the total
drag coefficient, followed by the tail car at higher Mach numbers
(Ma > 1.4) and the middle car at lower Mach numbers (Ma < 1.4).

A closer examination of Table IIT and Fig. 13(a) provides detailed
insights into the variations in aerodynamic drag across the head,
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TABLE ll. Average drag coefficient of different train parts.
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Head carriage Middle carriage Tail carriage Total train
Case Cdp Cdf Cd Cdp Cdf Cdp Cdf Cd Cdp Cdf Cd
Ma=0.80 0.921 0.200 1.121 0 0.177 0.177 1.030 0.204 1.234 1.951 0.582 2.532
Ma=1.00 1.081 0.177 1.258 0 0.152 0.151 0.554 0.18 0.734 1.634 0.508 2.143
Ma=1.20 1.252 0.16 1.412 0 0.137 0.137 0.208 0.16 0.367 1.459 0.457 1.917
Ma=1.40 1.366 0.147 1.513 0 0.125 0.125 —0.013 0.146 0.133 1.353 0.418 1.772
Ma=1.60 1.475 0.144 1.619 0 0.126 0.126 —0.16 0.142 —0.018 1.315 0.413 1.727
Ma=1.80 1.582 0.142 1.725 0 0.125 0.125 —0.281 0.14 —0.14 1.302 0.407 1.709
Ma=2.00 1.686 0.142 1.827 0 0.123 0.123 —0.385 0.14 —0.246 1.301 0.404 1.705
TABLE IV. Average lift coefficient of different train parts. the drag coefficient of the Tail Carriage increases by about 120%. This
trend is attributed to the lower-pressure zone enveloping the tail car,
Case Head carriage Middle carriage Tail carriage Total train which is comparatively less influenced by the external pressure differ-
Ma = 0.80 0.027 0.034 0.789 0.85 entiatls. Meanwhile, the jclerodynamic <'1rag on the middle car remains
relatively stable, decreasing by approximately 30% as speed increases,
Ma=1.00 0.022 0.028 0.611 0.661 suggesting a weaker influence from airflow forces and a primary con-
Ma=120 0.01 0.027 0.544 0.581 tribution from frictional drag. Moreover, there is a consistent reduc-
Ma=140 0.015 0.025 0.501 0.542 tion in the drag coefficient C4 as the Mach number progresses from
Ma = 1.60 —0.003 0.027 0.496 0.521 0.8 to 1.8, resulting in a net reduction of 32%. Yet, upon escalating
Ma=1.80 —0.006 0.029 0.497 0.52 from 1.8 to 2.0, the drag coefficient plateaus, while the incremental effi-
Ma=2.00 0 0.028 0.497 0.525 ciency benefits are mitigated by the augmented aerodynamic heating

middle, and tail cars at different speeds. Specifically, as the train speed
increases, the aerodynamic drag on the head car rises substantially.
With the Mach number increasing from 0.8 to 2.0, the drag coefficient
of the Head Carriage rises by approximately 83%, primarily due to an
increasing pressure differential on both sides of the head car.
Conversely, the drag on the tail car escalates at a more accelerated rate
than that on the head car; as the Mach number shifts from 0.8 to 2.0,

(a)

and pressure drag resultant from exceedingly high velocities.
Consequently, it is deduced that a Ma = 1.8 optimizes the decrement
in drag coefficient, thereby constituting the most economically viable
velocity for the train.

Table IV further examines the average lift coefficient, highlighting
distinct vertical aerodynamic behaviors across different sections of the
train. Unlike the distribution of drag, the lift coefficients between the
leading and tail cars display marked variation, with the tail car demon-
strating a considerably higher lift coefficient, particularly at elevated
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FIG. 13. Aerodynamic loads under different Mach numbers: (a) drag coefficient C4 and (b) lift coefficient C,.
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speeds. This discrepancy may be linked to flow separation at the rear
of the train, where a low-pressure region forms above the tail car,
enhancing its lift. As the Mach number rises from 0.8 to 2.0, the lift on
the tail car decreases by approximately 38%, while the lift for the lead-
ing and middle cars remains nearly constant. As presented in Table
IV and Fig. 13(b), the lift on the tail car is overwhelmingly domi-
nant, accounting for over 90% of the total lift under various condi-
tions, while the lift on the leading and middle cars remains
relatively minor. This substantial lift on the tail car can be attrib-
uted to a pronounced pressure differential between its upper and
lower surfaces, induced by flow separation. As the train speed
increases, the aerodynamic lift on the leading and middle cars
remains relatively constant, while the lift on the tail car gradually
decreases, resulting in a continued reduction in overall train lift.
This decrease in lift is primarily due to intensified interactions
between shockwaves and boundary layers near the tail car, leading
to more prominent flow separation and a subsequent reduction in
lift, a phenomenon commonly referred to as “shockwave stall.”

V. CONCLUSION

This research explored the shockwave structure in the tube as
well as the fluid dynamics behaviors of maglev trains within tubes at
varying Mach numbers, particularly focusing on changes in pressure
and temperature distributions as well as aerodynamic loads on the
train. The results clearly demonstrate the substantial impact of Mach
numbers on the train’s aerodynamic properties, summarized in several
key findings:

(1) Complex interactions between expansion waves and shock
waves appear at the rear of ETMT, including the formation of
distinctive diamond-shaped structures and fluctuations in pres-
sure and temperature. Changes in flow behavior, such as flow
separation and shockwave interactions, impact the flow varia-
bles near the train’s tail, leading to variations in temperature
and pressure along specific points.

(2) At Mach numbers of 1.0 or greater, there is a significant buildup
of pressure at the train’s front, which becomes more pro-
nounced as Mach numbers increase. Additionally, the shock-
wave effects in the tail region intensify with speed, as
shockwaves reflect off the tube walls and intersect in the center,
creating complex interactions.

(3) The temperature distribution is notably influenced by the
increase in Mach numbers, especially at the rear of the train
where higher speeds lead to more severe temperature accumula-
tions. Furthermore, the interaction between the train and the
tube induces a Laval nozzle effect, significantly lowering tem-
peratures in the wake region.

(4) The analysis reveals that pressure differential drag, especially at
the train’s front and rear, dominates the overall drag, particu-
larly under high Mach numbers. Upon an increase in the Mach
number from 0.8 to 2.0, the drag coefficient of the head carriage
rose by 83%, whereas it fell by 30% for the middle carriage and
surged by 120% for the tail carriage, resulting in a net reduction
of 32% in the total train drag coefficient. A Mach number of 1.8
is the most economically viable velocity for the train. The aero-
dynamic characteristics between the train’s top and bottom sur-
faces differ significantly, showing diverse distributions of
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temperature and pressure coefficients, largely due to variations
in flow separation and boundary layer development.

(5) The tail carriage’s aerodynamic drag and lift are crucial to the
train’s overall performance, with the majority of the lift con-
centrated at the tail. Remarkably, as the Mach number
increases, the lift of the tail carriage diminished by 38%, with
the lift coefficients of the middle and head carriages remain-
ing essentially stable, a behavior often linked to shockwave
stalls.

Considering these detailed observations, a relatively simplistic
model of a maglev train and track system is introduced, positioning it
as a foundational step for subsequent design developments. There
exists considerable scope for the refinement of the aerodynamic pro-
file, pertinent to practical engineering applications. Moreover, future
endeavors could explore the interplay between the aerodynamics of
the train and its structural responses, aiming to bolster the operational
stability of the ETMT within engineering contexts.
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