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In this study, numerical simulations were conducted at various pod speeds (v pod = 100–350 m/s) 
using an unsteady, compressible solver with the Reynolds-averaged Navier–Stokes model to analyze 
the aerodynamic characteristics and pressure wave behavior in the Hyperloop system. Furthermore, 
the aerodynamic drag and pressure wave behavior were theoretically predicted based on quasi-one-
dimensional assumptions. The flow around the pod is classified into three regimes according to the pod 
speed based on the compressible flow phenomena. In regime 1 (v pod = 100–170 m/s), the compression 
waves develop into normal shock waves even without the occurrence of choking at the throat. In regime 
2 (v pod = 180–230 m/s), choking occurs at the throat and an oblique shock wave appears within the pod 
tail section. In regime 3 (v pod =240–350 m/s), a trailing shock wave propagates at the end of the oblique 
shock wave. Due to fully accelerated flow in this regime, the Mach number of the flow behind the pod in 
a pod-fixed coordinates remains constant as 2.1, regardless of the pod speed. This constant Mach number 
causes the drag coefficient to decrease while the pod speed increases. Although non-isentropic conditions 
such as the formation of a boundary layer and flow separation cause variation between the theoretical 
prediction and simulation results, the predicted properties of the pressure waves and the aerodynamic 
drag of the pod concur with the simulation results. Because the boundary layer along the pod is thinner 
at a higher pod speed, the difference between the theoretical and simulation values of the leading shock 
pressure decreases from 9.71% to 2.83% and that of the leading shock speed decreases from 4.39% to 
1.30% as the pod speed increases from 180 to 350 m/s. Additionally, the theoretically predicted drag of 
the pod shows good agreement with the simulation results with an error of around 6%.

© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the drastic technological advancements in the recent years 
and the increase in the demand for economical transportation, 
Elon Musk has proposed the concept of the Hyperloop, which is 
an evacuated tube maglev train (ETMT) system [1]. The Hyper-
loop system was designed to transport passengers within a maglev 
pod that travels at transonic speed in a near-vacuum (1/1000 atm) 
tube. The aerodynamic drag caused by the high operating speed 
is efficiently minimized by the low tube pressure and the maglev 
technology [2,3].
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When an object travels at a high speed, it can cause vari-
ous pressure waves [4]. Furthermore, if the object moves within a 
tube, such compressible flow phenomena are more severe owing to 
choked flow. Hruschka and Klatt conducted a comprehensive study 
on a high-speed projectile in a tube with experimental, simulation, 
and theoretical considerations [5]. They observed that a compres-
sion wave (CW) and an expansion wave (EW) are generated and 
propagate through the tube. Additionally, when the speed of the 
projectile reaches a critical value, an oblique shock wave (OSW) 
and a trailing shock wave (TSW) appear behind the projectile. They 
concluded that the pressure waves change the flow field, the aero-
dynamic characteristics of a projectile within the tube vary from a 
free-flight condition, and these characteristics are amplified when 
the projectile travels at transonic speeds.

The reduction of the aerodynamic drag is crucial for the eco-
nomic efficiency and feasibility of high-speed train systems. Con-
sequently, research has focused on the aerodynamic characteristics 
of high-speed ETMTs. The aerodynamic drag was analyzed under 
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Nomenclature

Apod cross-sectional area of pod
A S surface area of pod nose and tail
At cross-sectional area of tube
BEW backward expansion wave
BR blockage ratio
C-D converging and diverging
C D F friction drag coefficient
C D P pressure drag coefficient
C DT total drag coefficient
CW compression wave
D F friction drag
D P pressure drag
DT total drag
ETMT evacuated tube maglev train
EW expansion wave
FEW forward expansion wave
LSW leading shock wave
Kn Knudsen number
M Mach number
Mcr critical Mach number
Mcr,isen isentropic critical Mach number
Mpod Mach number of pod
OSW oblique shock wave
p pressure
pnose pressure acting on pod nose
pnose average pressure acting on pod nose along axial direc-

tion

P T total pressure
Ptail pressure acting on pod tail
ptail average pressure acting on pod tail along axial direc-

tion
R individual gas constant
Re Reynolds number
RSW receding shock wave
T temperature
TSW trailing shock wave
v velocity
v pod velocity of the pod
y+ dimensionless first cell height
γ specific heat ratio
ρ density

Superscripts

p pod-fixed coordinate system
s shock-fixed coordinate system

Subscripts

a local point a©
b local point b©
c local point c©
ex exit of divergent section
in entrance of convergent section
LSW leading shock wave
TSW trailing shock wave
varying pod speed [3,6–10]; tube pressure [3,6,8,9]; blockage ratio 
(BR), which is the ratio of the cross-sectional area of the pod to 
the cross-sectional area of the tube [3,7–10]; pod shape [6,7]; tube 
temperature [3,11]; and pod length [3]. It was observed that the 
aerodynamic drag is greater at a higher pod speed, tube pressure, 
BR, and pod length and at a lower tube temperature. The previous 
studies also analyzed the OSW behind the pod and observed that 
it becomes stronger with the increase in the pod speed [3,6] and 
BR [10] and decrease in the tube temperature [11]. These studies 
[3,6–11] conducted steady-state simulations, but the propagation 
of pressure waves cannot be considered in the steady state. In ad-
dition, artificial pressure waves are generated by reflection at the 
computational boundaries, adversely affecting the simulation re-
sults.

The aerodynamic drag and the OSW behind the pod were 
also analyzed with unsteady simulations under varying pod speed 
[12,13], tube pressure [12], BR [12,14], and pod shape [15]. Kim et 
al. concluded that the total drag of the pod greatly increases as the 
OSW becomes stronger [12]. Zhou and Zhang accurately analyzed 
the temperature distribution in the OSW [16]. Niu et al. analyzed 
the OSW during the acceleration and deceleration of the pod [17]. 
However, these studies only focus on the OSW behind the pod, 
although the unsteady simulations enable the analysis of the prop-
agation of various pressure waves.

The CW, EW, and OSW affect the aerodynamic characteristics 
of the pod. The CW changes the flow field drastically where the 
pods are driven. However, few studies have analyzed the CW and 
EW in high-speed ETMTs. Sui et al. [14] and Bi and Lei [18] re-
ported the presence of the CW and EW. Zhou et al. demonstrated 
the development of the CW, EW, and OSW [19]. Recently, Le et al. 
observed the development of the CW into a non-linear shock wave 
and found that the normal shock wave relation is applicable to the 
Hyperloop system [2]. However, the effect of the pressure waves 
on the aerodynamic characteristics was not analyzed.
2

The analysis of the aerodynamic characteristics in the Hyper-
loop system depends on the understanding of the compressible 
flow phenomena. However, the effect of the compressible flow 
phenomena on the aerodynamic characteristics is yet to be deter-
mined. Thus, in this study, the flow regimes according to the pod 
speed and the pressure waves in each flow regime were analyzed 
using computational fluid dynamics. The effect of the compress-
ible flow phenomena on the aerodynamic characteristics of the pod 
was also identified. Furthermore, the pressure wave properties and 
the aerodynamic drag of the pod were predicted with a theoretical 
approach based on a quasi-one-dimensional assumption.

2. Numerical method

2.1. Fluid properties

The Hyperloop system is designed with a near-vacuum tube 
(1/1000 atm); however, the air within the tube is considered as 
a continuum. The Knudsen number (Kn) is evaluated to verify 
the applicability of the continuum mechanics. It is calculated as 
0.00013 (Kn � 0.001) with a pressure of 1/1000 atm, temperature 
of 300 K, and a characteristic length of 5 m, which is the diameter 
of the tube. When the local minimum pressure (19.19 Pa) is con-
sidered based on the simulation results at a pod speed of 350 m/s, 
the Knudsen number increases up to 0.00069, which is still suffi-
ciently small to be considered a continuum.

For the viscosity of air, Sutherland’s model was adopted in this 
study, which assumes viscosity as a function of only temperature 
(T ), independent of pressure [20]. The background tube pressure 
(1/1000 atm) lies within the acceptable range for the ideal gas as-
sumption to be applied, under which the isentropic speed of sound 
is expressed as a function of temperature (= √

γ RT ) by assuming 
the specific heat ratio (γ ) and the individual gas constant (R) to 
be independent of pressure [21]. The values of γ and R were set 
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Fig. 1. Schematic of the geometry of the computational domain.

Fig. 2. Schematic of the boundary conditions. The blue area represents the moving zone. (For interpretation of the colors in the figure(s), the reader is referred to the web 
version of this article.)
to 1.4 and 287.058 J/kg · K , respectively. The Mach number (M) 
is defined as the ratio of the flow velocity to the local speed of 
sound.

2.2. Computational domain

In the Hyperloop system, the shape of the pod is an impor-
tant parameter that affects the aerodynamic characteristics. Pre-
vious studies have suggested various pod shapes to reduce the 
aerodynamic drag [7,22–24]. However, in this study, an idealized 
hemispherical shape is applied to the nose and tail of the pod 
to focus on the general mechanics by excluding the effect of the 
shape. The geometry was modeled as a two-dimensional (2D) and 
axially symmetric shape, as shown in Fig. 1.

When the pod travels within the tube, the flow around the pod 
encounters a change in the cross-sectional area. The cross-sectional 
area converges around the pod nose and diverges around the pod 
tail. Accordingly, the gap between the tube and the pod nose was 
defined as the convergent section, and the gap between the tube 
and the pod tail was defined as divergent section, as shown in 
Fig. 1. In the straight section shown in Fig. 1, the cross-sectional 
area remains unchanged. However, due to the viscosity effect, a 
boundary layer forms along the pod and tube wall, and the thick-
ness of this boundary layer increases as the flow moves down-
stream. Thus, the cross-sectional area of the flow also converges 
through the straight section similar to the Fanno flow. Because the 
boundary layer is thickest at the end of the straight section, the 
throat where the cross-sectional area of the flow is the least is 
also around the end of the straight section, as shown in Fig. 1.

The length and diameter of the pod are set to 43 and 3 m, 
respectively. The BR is set to 0.36, and the tube diameter is cal-
culated as 5 m for the given BR [1]. Strong pressure waves are 
formed, which propagate within the tube as the pod travels at 
a high speed. If these pressure waves reach the computational 
boundaries, artificial waves can be generated and reflected even 
under non-reflective boundary conditions. Thus, the total tube 
length is set to 1200 m, which is sufficient to prevent the reflec-
tion of waves during the simulation.

2.3. Boundary conditions

Fig. 2 schematically shows the boundary conditions. To simulate 
the pod motion, a moving zone is generated, and the pod is posi-
tioned at the center of the moving zone. During the simulation, the 
3

moving zone moves from the right to the left at a constant speed, 
which is the pod speed. The moving zone speed is set to 100, 150, 
160, 170, 180, 190, 200, 210, 220, 230, 240, 250, 300, or 350 m/s. 
Owing to the drastic change from 150 to 250 m/s in the com-
pressible flow behavior around the pod, the corresponding speed 
range is closely divided. The Reynolds number (Re = ρvdh/μ) was 
calculated from the background density and viscosity, pod speed, 
and hydraulic diameter of the gap between the tube and pod. The 
Reynolds number ranges from 13 000 to 45 500 according to the 
pod speed, which indicates turbulent flow. However, the Reynolds 
number is relatively low, considering the high speed of the pod 
and the large size due to the minimal tube pressure. A static pres-
sure of 1/1000 atm is applied for the outlet-pressure condition. 
Both the pod and tube wall are set to the no-slip condition; how-
ever, the tube wall is stationary, and the pod wall moves with the 
moving zone. The pressure, temperature, and velocity of the initial 
flow field are set to 1/1000 atm, 300 K, and zero, respectively.

2.4. Computational grid

The overset method was applied to the computational grid, as 
shown in Fig. 3. The overset method has been widely adopted to 
simulate a moving train system [3,25,26]. Because the meshes for 
a stationary zone (background mesh) and a moving zone (compo-
nent mesh) exist independently in the overset method, the motion 
of the mesh can be considered without the remeshing process, re-
sulting in a cost-effective and time-saving simulation preventing 
the regeneration of the mesh.

The overset mesh consists of the component mesh, which con-
tains the object of analysis, and the background mesh for the 
surrounding zone. In this study, the component mesh covers the 
moving zone which is large enough to contain the fluid domain 
where a significant variation of the flow is expected around the 
pod; the background mesh was generated for the entire tube. The 
component mesh was overlaid on the background mesh as shown 
in Fig. 3(c), which indicates that the component mesh and back-
ground mesh coexist around the pod. The component mesh was 
used for numerical computation at the point where the component 
mesh and background mesh overlap. The cell data was interpolated 
at the interface where the component mesh and the background 
mesh connected to transfer cell data between the component mesh 
and background mesh [27,28].

The hexahedral mesh was generated for both the background 
and component mesh. The size of the background mesh far from 



K.S. Jang, T.T.G. Le, J. Kim et al. Aerospace Science and Technology 117 (2021) 106970

Fig. 3. Overset mesh and computational grid. The size of the mesh in this figure is scaled by a factor of 5 in both the horizontal and vertical directions. The scale of horizontal 
length in this figure is 0.5 times the original scale, except in the magnified view in (a).
the wall was set to 0.054 m, while the mesh size near the wall was 
set to 0.001 m considering the dimensionless first cell height (y+). 
The size of the component mesh was set to 0.017 m in the region 
far from the wall and 0.0005 m in the near wall region, which 
is finer than the background mesh, to accurately predict the flow 
variation around the pod. The background mesh consists of 800 
000 nodes and the component mesh consists of 485 546 nodes, 
while the overall number of nodes is 1 285 546. The results of 
the grid independence test and the value of y+ are presented in 
Section 4.1.

2.5. Mathematical model

The mass, momentum, and energy conservation equations, 
which are the governing equations, are solved by using the finite 
volume method. A suitable turbulence model is necessary to pre-
dict the turbulence effect because the Reynolds number lies within 
the turbulence range. Direct numerical simulation and large eddy 
simulation can accurately represent the mechanics of the com-
plex flow motion; however, the computational cost is significant 
[29–33]. The Reynolds-averaged Navier-Stokes (RANS) models, such 
as k − ε, k − ω, and transition shear-stress transport (SST) mod-
els, have been widely adopted to balance the computational cost 
and performance of numerical simulation. Among RANS models, 
the S ST k − ω model is a hybrid model that is a combination of 
the k − ε and k − ω models [34]. It provides accurate and reliable 
results in terms of flow separation and shock waves at transonic 
speed [35]. Thus, the S ST k − ω model, which has been widely 
used to analyze transonic to hypersonic flow, is adopted in this 
study [36–38]. Further details have been provided in the Supple-
mentary Material (Supplementary Method A).

2.6. Numerical details

The simulations were conducted using a commercial software 
(ANSYS Fluent 18.1) with a 2D-axisymmetric, unsteady, compress-
ible solver. The 2D-axisymmetric assumption enables economically 
efficient simulation with reasonable accuracy [3], and the unsteady 
simulation allows for the analysis of the pressure wave propaga-
tion. To solve the governing equations, the implicit Roe’s flux dif-
ference is used for spatial discretization [39–41]. The least-squares 
cell-based method is used for the gradient term. The flow, tur-
bulence kinetic energy, and specific dissipation rate terms were 
4

discretized with the second-order upwind scheme. The first-order 
implicit method is adopted for the time integration. To analyze the 
initial development of the pressure waves, the time step is set to 
0.000025 s until the simulation time of 0.05 s (2000 time steps). 
The simulation was then conducted with a time step of 0.0001 s 
until the simulation time of 1 s (9500 time steps). The results of 
the time step independence test are presented in Section 4.2.

3. Theoretical consideration

In the theoretical consideration, the flow is mainly assumed to 
be inviscid and isentropic, except across the normal shock waves. A 
quasi-one-dimensional flow is also assumed because this approach 
is sufficient to capture the main flow features [42,43]. The ideal-
ized pod and tube shapes are assumed as shown in Fig. 1.

3.1. Coordinate systems and local quantities of flow

Three different coordinate systems—the absolute, pod-fixed, and 
shock-fixed coordinate systems—were considered in the theoretical 
analyses. In the pod-fixed coordinate system, the pod is stationary, 
and the flow moves relative to the pod. In the shock-fixed coor-
dinate system, the shock wave is stationary, and the flow moves 
relative to the shock wave. The velocity and Mach number in the 
pod-fixed and shock-fixed coordinate systems are indicated with 
the superscripts p and s, while those in the absolute coordinate 
system is indicated without a superscript.

Previous studies have reported that in the ETMT system, the 
CW was generated in front of the pod [14,18,19]. The speed of the 
posterior CW is higher than that of the precedent CW owing to the 
characteristics of the CW. Consequently, the CWs are accumulated 
at the head of the precedent CW and develop into energetic and 
non-linear shock waves, the front surface of which is normal to 
the direction of the flow [44]. Among these normal shock waves, 
the one in front of the pod propagates faster than the pod and 
leads the pod [2]. Therefore, in this study, this normal shock wave 
is called the leading shock wave (LSW).

Fig. 4 shows a schematic of the LSW in the Hyperloop system 
and the flow velocity in different coordinate systems. Point a© was 
defined as the local point in front of the LSW where the speed of 
the flow in shock-fixed coordinates is supersonic. Point b© repre-
sents the local point behind the LSW where the speed of the flow 
in shock-fixed coordinates is subsonic.
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Fig. 4. Schematic of the leading shock wave in the Hyperloop system and the flow velocity in different coordinates. The superscripts s and p represent the velocity in the 
shock-fixed and pod-fixed coordinates, respectively, and the velocity in the absolute coordinates is represented without a superscript. a© and b© represent local points in 
front of and behind the leading shock wave, respectively. c© represents the local point where the maximum Mach number appears when the flow is fully accelerated through 
the divergent section under a choking condition. The velocities at the local points a©, b©, and c© are indicated as subscripts a, b, and c, respectively, and v LSW represents 
the propagation velocity of the leading shock wave.
In the pod-fixed coordinates, sonic flow may exist at the throat 
owing to the high target speed of the pod. The sonic flow is accel-
erated to supersonic speed through the divergent section. Accord-
ing to the pressure condition, the shock wave can be generated 
within the divergent section, and the supersonic flow changes to 
the subsonic flow across the shock wave. However, if the shock 
wave is not generated within the divergent section, the flow can 
be fully accelerated. Point c© represents the local point where the 
maximum Mach number is observed when the flow is fully accel-
erated through the divergent section. The local quantities of the 
flow at points a©, b©, and c© are indicated by the subscripts a, b, 
and c, respectively.

3.2. Converging and diverging nozzle relation

As explained above, the flow around the pod encounters the 
convergent, throat, and divergent sections. Thus, in the pod-fixed 
coordinates, the converging and diverging (C-D) nozzle relation is 
applicable to the flow around the pod. Under the choking condi-
tion, the Mach number of the flow (M p ) immediately before (after) 
the nose (tail) of the pod in the pod-fixed coordinates can be cal-
culated as follows:

At

At − Apod
= 1

M p

⎡
⎣1 +

(
γ −1

2

)(
M p

)2

1 +
(

γ −1
2

)
⎤
⎦

γ +1
2(γ −1)

, (1)

where At is the cross-sectional area of the tube and Apod is the 
cross-sectional area of the pod.

When the pod speed is lower than the speed of sound, the 
velocity of flow into the convergent section in the pod-fixed co-
ordinates is evidently subsonic. Although the pod speed is slightly 
higher than the speed of sound, the velocity of flow into the con-
vergent section is assumed to be subsonic because the flow is 
within the subsonic side of the LSW. Thus, similar to the C-D 
nozzle, the subsonic solution of Eq. (1) was adopted as the Mach 
number of the flow immediately before the pod nose in the pod-
fixed coordinates for the pod speed, which is high enough to cause 
choking at the throat. Under the isentropic and inviscid assump-
tion, the flow quantities do not vary from the point behind the 
leading shock wave (Point b©) to the point immediately before the 
pod nose. Accordingly, the application of the subsonic solution of 
Eq. (1) can be extended to point b©. Additionally, the supersonic 
5

solution of Eq. (1) represents the Mach number of the flow im-
mediately after the pod tail in the pod-fixed coordinates when the 
flow is fully accelerated under the isentropic process through the 
divergent section. Thus, M p

b and M p
c are set to the subsonic and 

the supersonic solution of Eq. (1) under the choked flow assump-
tion. However, Eq. (1) cannot be applied in the case of low pod 
speeds without the occurrence of choking at the throat.

3.3. Prediction of leading shock wave propagation speed

The changes in the local quantities of the flow (p, ρ , T , and 
M) across the LSW are expressed as normal shock wave relations 
(Eqs. (2)–(7)) [45]:

Pb

Pa
= 2γ (Ms

a)
2 − (γ − 1)

γ + 1
, (2)

ρb

ρa
= (γ + 1)(Ms

a)
2

(γ − 1)(Ms
a)

2 + 2
, (3)

Tb

Ta
=

[
(γ − 1) (Ms

a)
2 + 2

] [
2γ (Ms

a)
2 − (γ − 1)

]
(γ + 1)2(Ms

a)
2

, (4)

Ms
b =

√
(γ − 1) (Ms

a)
2 + 2

2γ (Ms
a)

2 − (γ − 1)
, (5)

where

Ms
a = vs

a√
γ RTa

, (6)

Ms
b = vs

b√
γ RTb

, (7)

where p is the pressure and ρ is the density. Because va is zero, 
as shown in Fig. 4, the velocity (v L SW ) and Mach number (ML SW ) 
of the LSW propagation can be expressed as follows:

v LSW = −vs
a, MLSW = Ms

a. (8)

As illustrated in Fig. 4(c)–(d), the velocity of flow behind the LSW 
in the pod-fixed coordinates (v p

b ) is expressed as follows:

v p
b = vs

b + v LSW − v pod, (9)

where v pod is the pod velocity in the absolute coordinates. By 
combining Eqs. (4)–(9), as the following equation was derived:
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Fig. 5. Comparison of pressure distributions for the grid independent test. The origin of the x-axis is set to the pod nose for each case. LSW and OSW denote the leading 
shock wave and oblique shock wave, respectively.
M p
b = MLSW

[
(γ + 1) Mpod − 2MLSW

] + 2√[
2γ (MLSW )2 − (γ − 1)

] [
(γ − 1) (MLSW )2 + 2

] , (10)

where

Mpod = −v pod√
γ RTa

. (11)

Here, Mpod is the Mach number of the pod in the absolute coor-
dinates. Further details have been provided in the Supplementary 
Material (Supplementary Method B). Consequently, ML SW corre-
sponding to Mpod can be calculated by numerically solving the 
system of equations that consists of Eqs. (1) and (10). All the ge-
ometric parameters (At , Apod) and γ in this instance are known 
constants corresponding to the design aspect of the system.

3.4. Prediction of aerodynamic drag

The total drag of the pod (DT ) in hyperloop aerodynamics is 
composed of the pressure drag (D P ) generated by pressure differ-
ence and the friction drag (D F ) caused by the viscosity of flow. The 
previous studies reported that the pressure drag is more dominant 
than the friction drag in the Hyperloop system [2,3]. The pressure 
drag can be expressed as follows:

D P = As
(

pnose − ptail

)
, (12)

where As is the surface area of the pod nose or pod tail and pnose
and ptail are the average values of pressure acting on the pod nose 
and pod tail along the axial direction, respectively. To predict the 
pressure acting on the pod nose (pnose), the Prandtl–Glauert cor-
rection [46] was applied to the pressure distribution along a sphere 
for inviscid, incompressible, and isentropic flow as follows:

pnose = pb + 1

2β
ρb (vb)

2
(

1 − 4sin2θ
)

, (13)

where

β =
√

1 − (
M p

b

)2
, (14)

where θ is the angle between the axial direction and the normal 
vector of the pod nose surface and β is the Prandtl–Glauert cor-
rection factor. Consequently, the pressure acting on the pod nose 
along the axial direction was averaged as follows:

pnose = 1

As

∫
pnose cos θdA = pb

2

⎡
⎢⎣1 − γ

(
M p

b

)2

2
√

1 − (
M p

b

)2

⎤
⎥⎦ . (15)

Further details have been provided in the Supplementary Material 
(Supplementary Method C).

The viscous effect is more significant at the pod tail than at the 
pod nose, and the pressure distribution in Eq. (13) is not applica-
ble for the pressure acting on the pod tail (ptail). Thus, the uniform 
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pressure distribution on the pod tail was assumed as the pressure 
at point c© (ptail ≈ pc). To predict pc , the total pressure conser-
vation in the pod-fixed coordinates was applied from point b© to 
point c©.

pb

[
1 +

(
γ − 1

2

)
(M p

b )2
] γ

γ −1 = pc

[
1 +

(
γ − 1

2

)
(M p

c )2
] γ

γ −1

.

(16)

Considering that both M p
b and M p

c are solutions of Eq. (1), Eq. (16)
was simplified as follows:

pc = pb

(
M p

b

M p
c

) 2γ
γ +1

. (17)

Subsequently, the pressure acting on the pod tail along the axial 
direction was averaged as follows:

ptail = 1

As

∫
ptail cos θdA = pb

2

(
M p

b

M p
c

) 2γ
γ +1

. (18)

Next, by combining Eqs. (2), (8), (12), (15), and (18), the pressure 
drag is expressed as follows:

D P = As pa

2

[
2γ (MLSW )2 − (γ − 1)

γ + 1

]

×
⎡
⎢⎣1 − γ

(
M p

b

)2

2
√

1 − (
M p

b

)2
−

(
M p

b

M p
c

) 2γ
γ +1

⎤
⎥⎦ , (19)

where ML SW , M p
b , and M p

c can be obtained from Eqs. (1) and 
(10). As , pa and γ are determined by the pod shape, the oper-
ating tube pressure, and the type of gas in the tube, respectively. 
Further details have been provided in the Supplementary Material 
(Supplementary Method D).

4. Verification

4.1. Grid independence test

For the grid independence test, the number of nodes was set 
to 313 486 (coarse), 485 546 (medium), or 649 116 (fine), only 
for the component mesh. The background mesh was set to a scale 
similar to that of previous studies [2,3]. The simulations were con-
ducted with the three different grids at a pod speed of 350 m/s. 
The LSW and OSW are the main factors that affect the aerody-
namic characteristics in the Hyperloop system. Fig. 5 shows the 
pressure distribution in the LSW and OSW for the coarse, medium, 
and fine grids. The variations in the position and pressure of the 
LSW among three grids are 0.16% and 0.17%, respectively. Further, 
the variation in the pressure distribution in the OSW is negligible 
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Fig. 6. Distribution of the dimensionless first cell height (y+) for the medium mesh along the pod and tube wall at a pod speed of 350 m/s.

Fig. 7. Comparison of the pressure distributions for the time step independence test. The origin of x-axis is set to the pod nose for each case. LSW and OSW denote the 
leading and oblique shock waves, respectively.

Fig. 8. Pressure distribution along the axis at the upstream of the pod. The origin of the x-axis is set to the pod nose for each case.
between the medium and fine grids. Accordingly, the aerodynamic 
drag of the pod shows a difference of only 0.1% among the three 
different grids. Therefore, it is concluded that the medium grid ap-
plied in this study provides sufficient accuracy.

To predict the boundary layer accurately, the mesh in the near-
wall region was also verified based on the value of y+ . Fig. 6
shows the distribution of y+ for the medium mesh along the pod 
and tube wall at a pod speed of 350 m/s. The maximum y+ is less 
than 1.5.

4.2. Time step independence test

The simulation results from three different time step conditions 
were compared to verify the time sensitivity of the simulation. For 
case A, the time step was set to 0.00003125 s until a simulation 
time of 0.05 s (1600 time steps), and 0.000125 s until a simulation 
time of 1 s (7600 time steps). For case B, the time step was set 
to 0.000025 s until a simulation time of 0.05 s (2000 time steps), 
and 0.0001 s until a simulation time of 1 s (9500 time steps). For 
case C, the time step was set to 0.00002 s until a simulation time 
of 0.05 s (2500 time steps), and 0.00008 s until a simulation time 
of 1 s (11875 time steps). Consequently, the variations in the posi-
tion and pressure of the LSW among the three time step conditions 
are 0.16% and 0.86%, respectively. The variation in the pressure 
distribution in the OSW is also negligible as shown in Fig. 7(b). 
Accordingly, the aerodynamic drag of the pod shows a difference 
of only 0.3% among the three time step conditions. Therefore, it is 
7

concluded that the time step condition for case B, which is applied 
in this study, provides sufficiently accurate results.

4.3. Effect of acceleration

A constant velocity was applied to the moving zone in the sim-
ulation setup used in this study. In other words, the pod reaches 
the target speed instantly at the start of the simulation, and the ef-
fect of acceleration is not considered. To verify this approach, the 
effect of acceleration was analyzed by comparing the results ob-
tained with setups considering a constant velocity (Case 1) and 
acceleration (Case 2) at a pod speed of 300 m/s. In Case 2, the 
pod speed increases from 0 to 300 m/s within 1 s, following the 
hyperbolic tangent function. The comparison was conducted with 
the results obtained at simulation times of 1 and 0.9 s after reach-
ing the target speed (i.e., 1 and 0.9 s for Case 1; 2 and 1.9 s for 
Case 2).

Fig. 8 shows the pressure distribution along the axis at the up-
stream of the pod for Case 1 and Case 2. As shown in Fig. 8, the 
LSW is observed in both Case 1 and Case 2. Table 1 illustrates 
the LSW properties and aerodynamic drag of the pod for Case 1 
and Case 2. The difference in the LSW properties between Case 
1 and Case 2 is less than 1.4%, and the difference in the aero-
dynamic drag is only 0.53%. It was, therefore, concluded that the 
primary mechanics corresponding to the wave propagation and the 
aerodynamic characteristics of the pod can be analyzed with the 
simulation setup of Case 1.
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Table 1
Comparison of the leading shock wave properties and aerodynamic drag of the pod for Case 1 and Case 2.

Case Pressure of leading shock wave (Pa) Propagation speed of leading shock wave (m/s) Aerodynamic drag (N)
Case 1 174.74 (1.4%) 444.07 (1.35%) 1061.23 (0.53%)
Case 2 172.32 438.13 1066.86

Fig. 9. Distribution of Mach number in the pod-fixed coordinates around the pod for each regime. The two representative cases for each regime are presented (regime 1: 100 
and 150 m/s; regime 2: 180 and 210 m/s; regime 3: 250 and 350 m/s). The origin of the x-axis is set to the pod nose for each case.
5. Results and discussion

In the Hyperloop system, the compressible flow mechanics are 
better demonstrated in the pod-fixed coordinates. Therefore, in 
Sections 5.1, 5.2, and 5.3, the simulation results were analyzed 
in the pod-fixed coordinates (i.e., the Mach number in the pod-
fixed coordinates (M p ) was used for analysis). To analyze the Mach 
number and pressure distribution, the simulation results were ex-
tracted along the horizontal line at the center of the gap between 
the pod and the tube at a simulation time of 1 s.

5.1. Flow regimes in Hyperloop aerodynamics

Because the flow around the pod encounters a change in the 
cross-sectional area, the flow regime is expected to be similar to 
that of the C-D nozzle. However, the relative speed of the flow 
is determined from the pod motion, in contrast with the typical 
C-D nozzle. In this condition, the air is compressed at the front 
of the pod, which causes the generation of a shock wave even 
without the effect of choking at the throat. Moreover, the gap be-
tween the tube and the pod is annular. Additionally, the pod wall 
moves, while the tube wall remains stationary. These geometrical 
and physical asymmetric conditions also create a difference in the 
flow regime between the C-D nozzle and the Hyperloop system. 
The flow field around the pod in the Hyperloop system is clas-
sified into three regimes according to the pod speed. The Mach 
number distribution of two representative cases for each regime is 
shown in Fig. 9.

Firstly, in regime 1, the Mach number of the flow at the en-
trance of the convergent section (M p

in), where the pod nose is 
located, is smaller than the critical Mach number (Mcr ) owing to 
the low pod speed. The flow is accelerated through the convergent 
section but does not attain sonic speed at the throat. Therefore, 
the flow decelerates through the divergent section where the pod 
tail is located, and the flow is subsonic in all the regions, as shown 
in Fig. 9.

Secondly, when the value of M p
in reaches that of Mcr with the 

increase in the pod speed, the Mach number at the throat in-
creases up to 1. This sonic flow is accelerated to supersonic flow 
through the divergent section. However, due to the generation of 
the OSW within the divergent section, the supersonic flow changes 
to subsonic flow across the OSW; consequently, the flow cannot be 
fully accelerated through the divergent section. Under this condi-
tion, as the pod speed increases, the OSW is pushed towards the 
end of the divergent section, and the flow is further accelerated, 
8

resulting in a higher Mach number of the flow at the exit of the 
divergent section (M p

ex). This flow regime is classified as regime 2.
Lastly, as the pod speed increases further, the OSW is swept 

out of the divergent section. Thus, the flow is fully accelerated to 
the upper limit of the Mach number for the given area divergence 
ratio, and the Mach number of the flow behind the pod remains 
constant, despite the increase in the pod speed, as shown in Fig. 9. 
This flow regime is classified as regime 3.

5.2. Pressure waves

In the Hyperloop system, various pressure waves are generated 
for each regime. Fig. 10 schematically shows the pressure waves 
and the pressure distribution of the representative cases. A shock 
wave is generated under a supersonic condition in an open space. 
However, in the Hyperloop system, a normal shock wave propa-
gates along the tube in all the flow regimes. As the pod moves 
within the tube, the air is accumulated at the upstream of the pod 
and dispersed at the downstream. Consequently, the CW and EW 
are generated at the pod nose and tail, respectively, and propagate 
in both the forward and the backward directions.

The posterior CW is faster than the precedent CW owing to 
the characteristics of the CW, and the CWs are accumulated at 
the head of the precedent CW, resulting in the development of 
the normal shock wave, which is non-linear. Therefore, as shown 
in Fig. 10, the forward CW and backward CW develop into the 
LSW and receding shock wave (RSW), respectively, for all the flow 
regimes including regime 1 where the flow is subsonic. In contrast, 
the EW is dispersed during the propagation and does not develop 
into the normal shock wave.

The LSW causes a rapid increase in the pressure, which de-
creases smoothly behind the LSW, as shown in Fig. 10(a)–(b). This 
pressure distribution is also observed in high-speed train tunnels 
[47]. As the EW propagates at the speed of sound, the forward ex-
pansion wave (FEW) passes across the pod under the absence of 
sonic flow at the throat. Despite the presence of sonic flow at the 
throat due to the high pod speed, the FEW can propagate across 
the pod when it passes the throat before the flow develops into 
sonic speed. When the FEW propagates across the pod, it main-
tains a relatively low pressure in the upstream high-pressure field, 
which is an interaction region. This interaction region becomes 
weaker as the pod speed increases.

The flow develops into sonic speed before the FEW passes the 
pod, especially at a speed of 300 and 350 m/s. In this case, the 
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Fig. 10. Pressure waves in the Hyperloop system. (Left) Schematic of the pressure waves for each regime. The pressure waves and the propagation direction in the pod-fixed 
coordinates are described. The high-pressure waves, low-pressure waves, and oblique shock waves are indicated by red, blue, and green lines, respectively. (Right) Pressure 
distribution of the representative cases for each regime. The insets show a magnified view of the oblique shock wave. The red dotted line and the red triangle indicate the 
pod position and background tube pressure, respectively. The origin of the x-axis is set to the pod nose for each case. (For interpretation of the colors in the figure(s), the 
reader is referred to the web version of this article.)
FEW cannot propagate across the pod, and no interaction region is 
formed at the upstream of the pod, as shown in Fig. 10(c).

Similarly, the RSW and backward expansion wave (BEW) also 
generate an interaction region at the downstream of the pod. Be-
cause the RSW propagates along the same direction as that of 
the flow, it always passes across the pod, regardless of the pod 
speed. Thus, the downstream interaction region exists in all the 
flow regimes.

In regime 2, the OSW appears within the divergent section due 
to the sonic flow at the throat. Generally, in the C-D nozzle, the 
normal shock wave occurs within the divergent section. However, 
in the Hyperloop system, the annular shape of the gap between 
the pod and the tube, the difference in velocity between the tube 
and pod wall, and the viscosity effect cause the normal shock wave 
to incline and be reflected at the tube wall and the jet-boundary, 
resulting in the OSW. In regime 2, regardless of flow time, the posi-
tion of the OSW is fixed at the point where the propagation speed 
of the OSW and the flow speed are balanced, as shown in the mag-
nified view of Fig. 10(b). However, in regime 3, the flow is fully 
accelerated, and the OSW is swept downstream. Consequently, the 
OSW extends to downstream, and the TSW propagates away from 
the pod at the end of the OSW, as shown in the magnified view of 
Fig. 10(c).

5.3. Mach number and pressure field

The subsonic solution, 0.408, and the supersonic solution, 1.91, 
are obtained by solving Eq. (1) for the given BR (0.36). Here, 
9

the subsonic solution represents M p
in in the isentropic flow under 

the choking condition, which is known as the isentropic critical 
Mach number (Mcr,isen), and the supersonic solution represents 
M p

ex in the isentropic flow under the choking condition, as ex-
plained earlier in Section 3.2. In regime 1, no sonic flow occurs 
at the throat. Notably, the pod-speed range from 100 to 170 m/s 
(Mpod = 0.288–0.490, M p

in = 0.254–0.343) corresponds to regime 
1, as shown in Figs. 11–13, which includes a higher Mach number 
of the pod than Mcr,isen (0.408). Across the LSW, the Mach number 
of flow rapidly decreases as shown in Fig. 13(a), and M p

in ranges 
from 0.254 to 0.343. Thus, although the pod travels at a higher 
speed than Mcr,isen , the LSW reduces M p

in below Mcr,isen and de-
lays the choking. In other words, the choking occurs at a higher 
Mpod than Mcr,isen .

In Fig. 13(b), the pressure of the LSW increases with the in-
crease in the pod speed. Conversely, the BEW generates a low-
pressure region at the downstream, and the pressure decreases 
with the increase in the pod speed. However, the variation of the 
BEW is not as prominent as that of the LSW. The pressure at the 
entrance of convergent section (pin) increases with the increase in 
the pod speed, whereas the pressure at the exit of the divergent 
section (pex) decreases.

The cases with pod speed in the range of 180 to 230 m/s 
(Mpod = 0.518–0.662, M p

in = 0.347–0.361) correspond to regime 
2. As shown in Figs. 14–15, the OSW appears within the diver-
gent section. In the case of a pod speed of 180 m/s, the OSW is 
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Fig. 11. Mach number in the pod-fixed coordinates in regime 1. The scale of the horizontal length in this figure is 0.4 times the original scale. The insets show magnified 
views of the flow around the pod.
not prominent. However, as the pod speed increases, the OSW be-
comes stronger and is clearly visible from a pod speed of 190 m/s.

In regime 2, choking occurs at the throat. However, in Fig. 16(a), 
M p

in remains smaller than Mcr,isen because of the effect of the 
boundary layers. The boundary layers are formed along the pod 
and tube wall owing to the shear field near the wall. These bound-
ary layers cause the flow to encounter a smaller throat area com-
pared to that of the designed system. Thus, the actual critical Mach 
number is lower than Mcr,isen . The boundary layer becomes thin-
ner with the increase in the pod speed. Thus, M p

in approaches 
Mcr,isen at high pod speeds. In addition, sonic flow occurs at the 
end of the straight section because the thickness of the bound-
ary layer increases as the flow goes downstream, as shown in 
Fig. 16(a).

M p
ex increases with the increase in the pod speed. As explained 

earlier, the position of the OSW is pushed backward at a higher 
pod speed, allowing for the flow to accelerate further through the 
divergent section. Due to the viscosity effect, the flow is separated 
at the pod tail as shown in Fig. 17. This flow separation delays the 
divergence of the area encountered by the flow. Thus, the acceler-
ation of the flow does not stop at the end of the divergent section 
and continues a little further, as shown in the magnified view of 
Fig. 16(a).

The tendency of the pressure in regime 2 is similar to that in 
regime 1, apart from the pressure oscillation due to the OSW, as 
shown in Fig. 16(b). The pressure of the LSW increases and the 
pressure of the BEW decreases with the increase in the pod speed. 
Additionally, pin increases with the increase in the pod speed, 
while pex decreases.
10
The pod speed ranges from 240 to 350 m/s in regime 3 (Mpod =
0.691 − 1.01, M p

in = 0.364 − 0.392). In Figs. 18–19, the under-
expanded jet was observed behind the pod. Owing to the flow 
separation, low pressure is formed behind the pod, resulting in 
a lower ambient pressure than pex . Thus, the over-expanded jet 
cannot be observed in the Hyperloop system. The shock cell struc-
tures are formed in the under-expanded jet. However, owing to the 
reflection at the tube wall, the formation of shock cell structures 
differs from that in an under-expanded jet structure in an open 
space, but is similar with that observed in an under-expanded con-
fined jet [48]. Fig. 20(a) shows the Mach number distribution in 
regime 3. The OSW does not lie within the divergent section, and 
the flow is fully accelerated through the divergent section. Thus, 
M p

ex remains constant as the pod speed increases. If the flow is 
in the inviscid and isentropic conditions, M p

ex is 1.91, which is 
the supersonic solution of Eq. (1). However, the flow encounters 
a smaller throat area due to the effect of the boundary layer, and 
the Mach number of the flow increases up to 2.10. As explained 
in the context of regime 2, the maximum Mach number appears 
slightly away from the pod tail due to the flow separation at this 
instance.

Fig. 20(b) shows the pressure distribution in regime 3. The vari-
ation tendencies of the LSW pressure, BEW pressure, and pin with 
respect to the pod speed are identical to those of regime 1 and 2. 
However, pex shows a different tendency with respect to the pod 
speed. When the pod speed increases, the total pressure of the 
flow at the exit of the divergent section also increases. The total 
pressure in the compressible flow is expressed by following equa-
tion:
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Fig. 12. Pressure contours in regime 1. The scale of the horizontal length in this figure is 0.4 times the original scale. The insets show magnified views of the flow around 
the pod.

Fig. 13. Mach number in the pod-fixed coordinates and pressure distributions in regime 1. The origin of the x-axis is set to the pod nose for each case. The position of the 
pod and the isentropic critical Mach number (Mcr,isen) for BR = 0.36 are represented by the red dotted line. The red triangle indicates the background tube pressure.
P T = p

[
1 +

(
γ − 1

2

)
(M p)2

] γ
γ −1

, (20)

where P T is the total pressure. Based on Eq. (20), it is observed 
that the pressure increases to match the increase in the total pres-
sure when the Mach number remains constant. Thus, in regime 3, 
pex increases with the increase in the pod speed.

5.4. Analysis of shock wave behavior

A theoretical approach was also considered to predict the prop-
erties of the pressure waves and the aerodynamic drag of the pod. 
Three main assumptions were applied with the present theoretical 
consideration. Firstly, inviscid flow is assumed. Thus, the effect of 
11
the boundary layer is neglected. Secondly, we assume that the flow 
is choked at the throat, as in regime 2. Thirdly, the flow is fully 
accelerated through the divergent section, as in regime 3. Thus, 
some of the values are limited to be predictable from regime 2 or 
regime 3.

Fig. 21 shows the values of pb and pc obtained from the the-
oretical calculation and simulations. In order to predict pb , ML SW

is calculated by numerically solving Eqs. (1) and (10). The value of 
pb is then calculated from Eq. (2). Eq. (17) is used to predict pc . 
Here, the prediction of the values of pb and pc is possible from 
regime 2 and regime 3, respectively, due to the assumptions of the 
theoretical consideration. In Fig. 21, the predicted values of pb and 
pc concur with the simulation results. Because the boundary layer 
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Fig. 14. Mach number in the pod-fixed coordinates in regime 2. The scale of the horizontal length in this figure is 0.4 times the original scale. The insets show magnified 
views of the flow around the pod.
was not considered in the prediction, the effects of the conver-
gent and divergent sections are greater in the simulations. Thus, 
the predicted value of pb is slightly underestimated in regime 2. 
However, as the pod speed increases from 180 to 350 m/s, the 
thickness of the boundary layer reduces, and the difference be-
tween the theoretical prediction and simulation decreases from 
9.71% to 2.83%. Conversely, the predicted value of pc is slightly 
overestimated due to the boundary layer effect.

Fig. 22 shows the propagation speed of the pressure waves ob-
tained from the theoretical calculation and simulation. To confirm 
the applicability of the normal shock wave relations, the speeds of 
the LSW, TSW, and RSW are also calculated by applying Eq. (2) to 
each wave. When Eq. (2) is applied, we used the pressure in front 
of and behind each wave from the simulation results.
12
The propagation velocity of the TSW (v T SW ) is also calculated 
theoretically. In this case, the local quantities at point c© are used 
for the quantities in front of the TSW, and the 1/1000 atm condi-
tion is applied for the pressure behind the TSW. Subsequently, Ms

c
is calculated from these pressure conditions using Eq. (2). To con-
vert Ms

c into vs
c , Tc was obtained by applying the total temperature 

conservation from point b© to point c©.

Tb

[
1 +

(
γ − 1

2

)
(M p

b )2
]

= Tc

[
1 +

(
γ − 1

2

)
(M p

c )2
]

, (21)

where M p
b and M p

c can be obtained from Eq. (1) and Tb can be 
obtained from Eq. (4). Lastly, v T SW is calculated as follows:

v T SW = −vs
c + v p

c + v pod, (22)
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Fig. 15. Pressure contours in regime 2. The scale of the horizontal length in this figure is 0.4 times the original scale. The insets show magnified views of the flow around 
the pod.
where

vs
c = Ms

c

√
γ RTc, (23)

v P
c = M P

c

√
γ RTc. (24)

In Fig. 22, the value of v L SW from the simulation coincides 
with that obtained from Eq. (2). Therefore, the normal shock wave 
relation is applicable for the LSW. The values of v L SW from the 
theoretical calculation and the simulation are also shown to con-
cur. Similar to the case of pb , the predicted value of v L SW is 
underestimated in regime 2 due to the effect of the boundary 
layer. However, the difference decreases from 4.39% to 1.30% as the 
pod speed increases from 180 to 350 m/s because the thickness of 
the boundary layer decreases. For the RSW, the propagation speed 
from the simulation corresponds to that obtained from Eq. (2).
13
In case of the TSW, the value of v T SW obtained from Eq. (2)

shows a relatively large variation when compared to that in the 
simulation results. Because the TSW propagates at the end of the 
OSW, where the pressure oscillates, v T SW oscillates as well. This 
oscillation causes a difference in the values of v T SW obtained from 
the simulation and from Eq. (2). The local quantities at point c©, 
where the maximum Mach number is observed, are used in the 
prediction of v T SW . However, the TSW propagates at the end of 
the OSW, where the pressure is higher than point c©, as shown 
in the magnified view of Fig. 20(b). Thus, the predicted value of 
v T SW tends to be overestimated when compared to that of the 
simulation results.
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Fig. 16. Mach number in the pod-fixed coordinates and pressure distributions in regime 2. The origin of the x-axis is set to the pod nose for each case. The position of the 
pod, the isentropic critical Mach number (Mcr,isen) for BR = 0.36, and the line for Mach number equal to 1 are represented by the red dotted lines. The red triangle indicates 
the background tube pressure. The insets show magnified views.

Fig. 17. Velocity vector around the pod tail for a pod speed of 230 m/s at a simulation time of 1 s. Flow separation and wake zone is indicated in the red square.
5.5. Analysis of aerodynamic drag

In the theoretical consideration, the local quantities at point c©
are calculated based on the fully accelerated condition through the 
divergent section, because of which the prediction in this section 
is limited to regime 3. As described in Eq. (12), pnose and ptail are 
the main factors affecting the aerodynamic drag of the pod. Thus, 
the values of pnose and ptail , calculated from Eq. (15) and Eq. (18), 
are compared to the simulation results.

Fig. 23 shows the values of pnose and ptail obtained from the 
theoretical calculation and the simulation. The pnose values from 
the simulation are higher than those obtained from the theoreti-
cal calculation. This underestimation of pnose in the prediction is 
due to the boundary layer effect and inviscid pressure coefficient 
applied in the theoretical calculation. Although the boundary layer 
was neglected, the theoretical calculation underestimates the value 
of ptail when compared to the simulation results. Due to the flow 
separation, the flow is not yet fully accelerated at the end of di-
vergent section, and the values of M p

ex from the simulation are 
lower than the predicted values of M p

c . Accordingly, the values of 
pex from the simulation are higher than the predicted values of pc , 
resulting the underestimation of ptail .

Fig. 24 shows the ratio of the drag components to the total drag 
and the aerodynamic drag of the pod obtained from the theoretical 
calculation and simulations. In Fig. 24(a), D P /DT increases with a 
decrease in D F /DT as the pod speed increases. This indicates that 
the pressure drag is more dominant at a higher pod speed due 
the increase in the pressure difference between the pod nose and 
tail. Owing to the increase in the pressure at the pod tail with the 
14
increase in the pod speed in regime 3, the increase in D P /DT is 
negligible at a higher pod speed than 240 m/s. Accordingly, the 
values of D P /DT and D F /DT remain almost constant at 0.89 and 
0.11, respectively, in regime 3.

In Fig. 24(b), Eq. (19) was used in the theoretical calculation for 
the pressure drag. Subsequently, the ratio of the drags was applied 
to the theoretically predicted pressure drag to calculate the total 
and friction drag. Fig. 24(b) shows that the aerodynamic drag ob-
tained from the theoretical calculation concurs with that obtained 
from the simulation results. The difference in the pressure drag be-
tween the theoretical calculation and simulation is 6.73% for a pod 
speed of 240 m/s and decreases to 5.85% for a pod speed of 350 
m/s.

The aerodynamic drag of the pod increases with the increase in 
the pod speed, but the gradient of the aerodynamic drag starts to 
decrease in regime 3. As the pod speed increases, the value of ptail
increases in regime 3, while the value of ptail decreases in regimes 
1 and 2, as shown in Fig. 23. Consequently, the increase in the 
difference between pnose and ptail corresponding to the increase in 
the pod speed is less in regime 3 than in regimes 1 and 2, resulting 
in the relatively small increase in the pressure drag.

Fig. 25 shows the drag coefficient corresponding to the pod 
speed. The drag coefficient is calculated using the following equa-
tions:

C DT = DT
1
2ρa(v pod)

2 Apod
, (25)

C D P = D P
1ρ (v )2 A

, (26)

2 a pod pod
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Fig. 18. Mach number in the pod-fixed coordinates in regime 3. The scale of the horizontal length in this figure is 0.4 times the original scale. The insets show magnified 
views of the flow around the pod.
C D F = D F
1
2ρa(v pod)

2 Apod
, (27)

where C DT , C D P , and C D F are the total, pressure, and friction drag 
coefficients. The change in the gradient of the aerodynamic drag in 
regime 3 is more conspicuous in the drag coefficients. Due to the 
decrease in the gradient of the aerodynamic drag in regime 3, the 
drag coefficient of the pod is maximized at the end of regime 2.

6. Conclusion

The flow regimes and behavior of the pressure waves in the Hy-
perloop system were analyzed with a 2D, axisymmetric, unsteady 
simulation and a theoretical quasi-one-dimensional approach. The 
flow around the pod is categorized into three regimes according to 
the pod speed based on compressible flow phenomena. The lead-
ing shock wave (LSW), receding shock wave (RSW), and expansion 
wave (EW) are generated in all the regimes including regime 1 
where the flow is subsonic, owing to the effect of confined tube. 
The oblique shock wave (OSW) appears from regime 2, and the 
trailing shock wave (TSW) appears in regime 3. The pressure waves 
are observed to affect the flow field in the tube, and the LSW and 
OSW have a greater effect on the aerodynamic characteristics of 
the pod than the other waves.

The pod speed at which choking occurs is found to be affected 
by the LSW and boundary layer. The Mach number of the flow in 
the pod-fixed coordinates rapidly decreases across the LSW, which 
delays the choking. Conversely, due to the boundary layers at the 
tube and pod wall, the flow encounters a smaller throat area than 
in the designed system, resulting in the decrease of the critical 
15
Mach number. The effect of the LSW is more significant than that 
of the boundary layer, and the choking occurs at a pod speed 
higher than the isentropic critical Mach number. Additionally, the 
choking is observed at the end of the straight section because the 
boundary layer becomes thicker as flow goes downstream.

In regime 3, the drag coefficient decreases as the pod speed in-
creases. This tendency of the drag coefficient has been reported 
in previous studies [2,3,5,8,14]. However, the details in this phe-
nomenon did not investigated. Due to fully accelerated flow, the 
Mach number of the flow behind the pod in the pod-fixed coor-
dinates remains constant while the pod speed increases, resulting 
in the increase in the pressure at the tail. This pressure tendency 
causes the gradient of the aerodynamic drag to slow down in 
regime 3, and the drag coefficient is maximized at the end of 
regime 2.

To predict the pressure wave behavior and the aerodynamic 
drag of the pod in the Hyperloop system, quasi-one-dimensional 
equations were applied to various relative coordinate systems. 
From the theoretical calculation, the properties of the LSW and 
the TSW were predicted, and the predictions concur with the sim-
ulation results. Furthermore, the aerodynamic drag of the pod was 
successfully predicted with a small variation of around 6%.

In this study, the compressible flow phenomena and their ef-
fects on the aerodynamic drag of the pod for different flow regimes 
have been comprehensively analyzed. The results are expected to 
help in the design of the Hyperloop system by providing an un-
derstanding of the compressible flow effects. Additionally, in the 
design stage of the optimal shape or operating conditions, predict-
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Fig. 19. Pressure contours in regime 3. The scale of the horizontal length in this figure is 0.4 times the original scale. The insets show magnified views of the flow around 
the pod.

Fig. 20. Mach number in the pod-fixed coordinates and pressure distributions in regime 3. The origin of the x-axis is set to the pod nose for each case. The position of the 
pod, the isentropic critical Mach number (Mcr,isen) for BR = 0.36, and the line for Mach number equal to 1 are represented by the red dotted lines. The red triangle indicates 
the background tube pressure. The insets show magnified views.
16



K.S. Jang, T.T.G. Le, J. Kim et al. Aerospace Science and Technology 117 (2021) 106970

Fig. 21. pb and pc according to the pod speed. The predicted values (theory) are shown only for the regimes in which prediction is possible. The black dotted line indicates 
the boundary of each regime.

Fig. 22. Propagation speed of the pressure waves according to the pod speed. The predicted values (theory) are shown only for the regimes in which prediction is possible. 
The black-dotted line indicates the boundary of each regime. The blue-dotted line indicates the speed of sound at 300 K.

Fig. 23. Average pressure acting on the pod nose and tail along the axial direction according to the pod speed. The predicted values (theory) are shown only for the regimes 
in which prediction is possible. The black dotted line indicates the boundary of each regime.

Fig. 24. (a) Drag ratio and (b) drag according to the pod speed. The black dotted line indicates the boundary of each regime. In (b), the predicted (theoretical) values are 
shown only for the regime in which prediction is possible. The theoretical total and frictional drag were calculated based on the drag ratio presented in (a).
17
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Fig. 25. Drag coefficient according to the pod speed. The predicted values are shown only for the regime for which prediction is possible. The black dotted line indicates the 
boundary of each regime.
ing the aerodynamic drag and the properties of the pressure waves 
without simulations and experiments can be immensely beneficial.

7. Limitations

In the simulations, the idealized pod and tube shapes were 
designed to focus on the general mechanics. In the future, simu-
lations for designs with greater complexity can contribute signifi-
cantly to the development of the Hyperloop system. Furthermore, 
in the theoretical consideration, Eqs. (13) and (19) were derived 
based on the idealized shape of the pod. Although Eqs. (13) and 
(19) cannot be applied for other shapes of the pod, these equations 
can be easily modified from the pressure coefficient for a specific 
geometry from the theoretical consideration procedure presented 
in this paper. Additionally, the choked flow at the throat and 
fully accelerated flow through the divergent section were assumed. 
These assumptions limit the regimes in which the pressure waves 
and aerodynamic drag of the pod can be predicted. However, be-
cause the Hyperloop system is designed for transonic speed, the 
applied assumptions are reasonable, and the theoretical prediction 
is applicable to the Hyperloop system. Finally, the lack of consid-
eration of the boundary layer in the prediction demonstrates the 
difference between the prediction and simulation. Thus, in the fu-
ture, considering the boundary layer in the theoretical calculation 
can improve the accuracy of the prediction.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

This work was supported by a National Research Foundation of 
Korea (NRF) grant funded by the Korean government (MEST) [No. 
2019R1A2C1087763], the Korea Railroad Research Institute [No. 
PK2101A1-2], and the Korea Institute of Energy Technology Eval-
uation and Planning (KETEP) and the Ministry of Trade, Industry & 
Energy (MOTIE) of the Republic of Korea (No. 20214000000280).

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .ast .2021.106970.

References

[1] E. Musk, Hyperloop Alpha Documents, Space X (2013).
18
[2] T.T.G. Le, K.S. Jang, K.S. Lee, J. Ryu, Numerical Investigation of Aerodynamic 
Drag and Pressure Waves in Hyperloop Systems, Mathematics 8 (11) (2020) 
1973, https://doi .org /10 .3390 /math8111973.

[3] J.S. Oh, T. Kang, S. Ham, K.S. Lee, Y.J. Jang, H.S. Ryou, J. Ryu, Numerical analysis 
of aerodynamic characteristics of hyperloop system, Energies 12 (3) (2019) 518, 
https://doi .org /10 .3390 /en12030518.

[4] V. Hermes, I. Klioutchnikov, H. Olivier, Numerical investigation of unsteady 
wave phenomena for transonic airfoil flow, Aerosp. Sci. Technol. 25 (2013) 
224–233, https://doi .org /10 .1016 /j .ast .2012 .01.009.

[5] R. Hruschka, D. Klatt, In-pipe aerodynamic characteristics of a projectile in 
comparison with free flight for transonic Mach numbers, Shock Waves 29 
(2019) 297–306, https://doi .org /10 .1007 /s00193 -018 -0816 -2.

[6] S.A. Gillani, V.P. Panikulam, S. Sadasivan, Z. Yaoping, CFD analysis of aerody-
namic drag effects on vacuum tube trains, J. Appl. Fluid Mech. 12 (1) (2019) 
303–309, https://doi .org /10 .29252 /jafm .75 .253 .29091.

[7] S. Bibin, S.K. Mukherjea, Numerical investigation of aerodynamic drag on vac-
uum tube high speed train, in: Proceedings of the ASME 2013 International 
Mechanical Engineering Congress and Exposition, Vol. 13, 2013.

[8] H. Kang, Y. Jin, H. Kwon, K. Kim, A study on the aerodynamic drag of transonic 
vehicle in evacuated tube using computational fluid dynamics, Int. J. Aeronaut. 
Space Sci. 18 (4) (2017) 614–622, https://doi .org /10 .5139 /IJASS .2017.18 .4 .614.

[9] Y. Zhang, Numerical simulation and analysis of aerodynamic drag on a sub-
sonic train in evacuated tube transportation, J. Mod. Transp. 20 (2012) 44–48, 
https://doi .org /10 .1007 /BF03325776.

[10] P. Zhou, J. Zhang, T. Li, Effects of blocking ratio and Mach number on aerody-
namic characteristics of the evacuated tube train, Int. J. Rail Transp. 8 (2020) 
27–44, https://doi .org /10 .1080 /23248378 .2019 .1675191.

[11] S. Bao, X. Hu, J. Wang, T. Ma, Y. Rao, Z. Deng, Numerical study on the influence 
of initial ambient temperature on the aerodynamic heating in the tube train 
system, Adv. Aerodyn. 2 (2020) 28, https://doi .org /10 .1186 /s42774 -020 -00053 -
8.

[12] T.K. Kim, K.H. Kim, H.B. Kwon, Aerodynamic characteristics of a tube train, J. 
Wind Eng. Ind. Aerodyn. 99 (12) (2011) 1187–1196, https://doi .org /10 .1016 /j .
jweia .2011.09 .001.

[13] J. Niu, Y. Sui, Q. Yu, X. Cao, Y. Yuan, Numerical study on the impact of Mach 
number on the coupling effect of aerodynamic heating and aerodynamic pres-
sure caused by a tube train, J. Wind Eng. Ind. Aerodyn. 190 (2019) 100–111, 
https://doi .org /10 .1016 /j .jweia .2019 .04 .001.

[14] Y. Sui, J. Niu, Y. Yuan, Q. Yu, X. Cao, D. Wu, X. Yang, An Aerothermal study 
of influence of blockage ratio on a supersonic tube train system, J. Therm. Sci. 
(2020) 1–12, https://doi .org /10 .1007 /s11630 -020 -1281 -7.

[15] Y. Yang, H. Wang, M. Benedict, D. Coleman, Aerodynamic simulation of high-
speed capsule in the Hyperloop system, in: 35th AIAA Applied Aerodynamics 
Conference, 2017, p. 3741.

[16] P. Zhou, J. Zhang, Aerothermal mechanisms induced by the super high-speed 
evacuated tube maglev train, Vacuum 173 (2020) 109142, https://doi .org /10 .
1016 /j .vacuum .2019 .109142.

[17] J. Niu, Y. Sui, Q. Yu, X. Cao, Y. Yuan, X. Yang, Effect of acceleration and de-
celeration of a capsule train running at transonic speed on the flow and 
heat transfer in the tube, Aerosp. Sci. Technol. 105 (2020) 105977, https://
doi .org /10 .1016 /j .ast .2020 .105977.

[18] H. Bi, B. Lei, Aerodynamic characteristics of evacuated tube high-speed 
train, in: International Conference on Transportation Engineering, 2009, 
pp. 3736–3741.

[19] P. Zhou, J. Zhang, T. Li, W. Zhang, Numerical study on wave phenomena pro-
duced by the super high-speed evacuated tube maglev train, J. Wind Eng. Ind. 
Aerodyn. 190 (2019) 61–70, https://doi .org /10 .1016 /j .jweia .2019 .04 .003.

[20] K. Kadoya, N. Matsunaga, A. Nagashima, Viscosity and thermal conductivity 
of dry air in the gaseous phase, J. Phys. Chem. Ref. Data 14 (1985) 947–970, 
https://doi .org /10 .1063 /1.555744.

https://doi.org/10.1016/j.ast.2021.106970
http://refhub.elsevier.com/S1270-9638(21)00480-6/bibC4CA4238A0B923820DCC509A6F75849Bs1
https://doi.org/10.3390/math8111973
https://doi.org/10.3390/en12030518
https://doi.org/10.1016/j.ast.2012.01.009
https://doi.org/10.1007/s00193-018-0816-2
https://doi.org/10.29252/jafm.75.253.29091
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib8F14E45FCEEA167A5A36DEDD4BEA2543s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib8F14E45FCEEA167A5A36DEDD4BEA2543s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib8F14E45FCEEA167A5A36DEDD4BEA2543s1
https://doi.org/10.5139/IJASS.2017.18.4.614
https://doi.org/10.1007/BF03325776
https://doi.org/10.1080/23248378.2019.1675191
https://doi.org/10.1186/s42774-020-00053-8
https://doi.org/10.1186/s42774-020-00053-8
https://doi.org/10.1016/j.jweia.2011.09.001
https://doi.org/10.1016/j.jweia.2011.09.001
https://doi.org/10.1016/j.jweia.2019.04.001
https://doi.org/10.1007/s11630-020-1281-7
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib9BF31C7FF062936A96D3C8BD1F8F2FF3s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib9BF31C7FF062936A96D3C8BD1F8F2FF3s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib9BF31C7FF062936A96D3C8BD1F8F2FF3s1
https://doi.org/10.1016/j.vacuum.2019.109142
https://doi.org/10.1016/j.vacuum.2019.109142
https://doi.org/10.1016/j.ast.2020.105977
https://doi.org/10.1016/j.ast.2020.105977
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib6F4922F45568161A8CDF4AD2299F6D23s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib6F4922F45568161A8CDF4AD2299F6D23s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib6F4922F45568161A8CDF4AD2299F6D23s1
https://doi.org/10.1016/j.jweia.2019.04.003
https://doi.org/10.1063/1.555744


K.S. Jang, T.T.G. Le, J. Kim et al. Aerospace Science and Technology 117 (2021) 106970
[21] G.S.K. Wong, S.M. Zhu, Speed of sound in seawater as a function of salinity, 
temperature, and pressure, J. Acoust. Soc. Am. 97 (1995) 1732–1736, https://
doi .org /10 .1121 /1.413048.

[22] X. Chen, L. Zhao, J. Ma, Y. Liu, Aerodynamic simulation of evacuated tube 
maglev trains with different streamlined designs, J. Mod. Transp. 20 (2012) 
115–120, https://doi .org /10 .1007 /BF03325788.

[23] J. Braun, J. Sousa, C. Pekardan, Aerodynamic design and analysis of the hyper-
loop, AIAA J. 55 (2017) 4053–4060, https://doi .org /10 .2514 /1.J055634.

[24] M.M. Opgenoord, P.C. Caplan, Aerodynamic design of the hyperloop concept, 
AIAA J. 56 (11) (2018) 4261–4270, https://doi .org /10 .2514 /1.j057103.

[25] X. Hu, Z. Deng, W. Zhang, Effect of cross passage on aerodynamic charac-
teristics of super-high-speed evacuated tube transportation, J. Wind Eng. Ind. 
Aerodyn. 211 (2021) 104562, https://doi .org /10 .1016 /j .jweia .2021.104562.

[26] Z. Yao, N. Zhang, C. Zhang, H. Xia, X. Li, The effect of moving train on the 
aerodynamic performance of train-bridge system with a cross wind, Eng. Appl. 
Comput. Fluid Mech. 14 (1) (2020) 222–235, https://doi .org /10 .1080 /19942060 .
2019 .1704886.

[27] J.P. Steinbrenner, Automatic structured and unstructured grid cell remediation 
for overset meshes, in: 52nd Aerospace Sciences Meeting, 2014, 0779.

[28] J. Benek, J. Steger, F.C. Dougherty, A flexible grid embedding technique with 
application to the Euler equations, in: 6th Computational Fluid Dynamic Con-
ference Danvers, 1983, p. 1994.

[29] P. Moin, K. Mahesh, Direct numerical simulation: a tool in turbulence research, 
Annu. Rev. Fluid Mech. 30 (1998) 539–578, https://doi .org /10 .1146 /annurev.
fluid .30 .1.539.

[30] J. Ryu, D. Livescu, Turbulence structure behind the shock in canonical shock–
vortical turbulence interaction, J. Fluid Mech. 756 (2014) 143–195, https://doi .
org /10 .1017 /jfm .2014 .477.

[31] M. Gageik, J. Nies, I. Klioutchnikov, H. Oliver, Pressure wave damping in tran-
sonic airfoil by means of micro vortex generators, Aerosp. Sci. Technol. 81 
(2018) 65–77, https://doi .org /10 .1016 /j .ast .2018 .05 .011.

[32] J. Ryu, S.K. Lele, K. Viswanathan, Study of supersonic wave components in high-
speed turbulent jets using an les database, J. Sound Vib. 333 (2014) 6900–6923, 
https://doi .org /10 .1016 /j .jsv.2014 .08 .004.

[33] B. Zebiri, A. Piquet, A. Hadjadj, Analysis of shock-wave unsteadiness in conical 
supersonic nozzles, Aerosp. Sci. Technol. 105 (2020) 106060, https://doi .org /10 .
1016 /j .ast .2020 .106060.

[34] F. Menter, Zonal two equation k-w turbulence models for aerodynamic flows, 
in: Proceedings of the 23rd Fluid Dynamics, Plasmadynamics, and Lasers Con-
ference, 1993, pp. 1993–2906.

[35] R.G.M. Hasan, J.J. McGuirk, Assessment of turbulence model performance for 
transonic flow over an axisymmetric bump, Aeronaut. J. 105 (1043) (2001) 
17–32, https://doi .org /10 .1017 /S0001924000095944.

[36] C. Fujio, S. Brahmachary, H. Ogawa, Numerical investigation of axisymmetric 
intake flowfleid and performance for scramjet-powered ascent flight, Aerosp. 
Sci. Technol. 111 (2021) 106531, https://doi .org /10 .1016 /j .ast .2021.106531.

[37] C. Zhou, Z. Li, S. Huang, G. Han, X. Lu, S. Zhao, J. Zhu, Numerical investigation 
on the aerodynamic performance and flow mechanism of a fan with a partial-
height booster rotor, Aerosp. Sci. Technol. 109 (2020) 106411, https://doi .org /
10 .1016 /j .ast .2020 .106411.

[38] A. Balabel, A.M. Hegab, M. Nasr, S.M. El-Behery, Assessment of turbulence mod-
eling for gas flow in two-dimensional convergent-divergent rocket nozzle, Appl. 
Math. Model. 35 (2011) 3408–3422, https://doi .org /10 .1016 /j .apm .2011.01.013.

[39] F. Liu, Z.H. Han, Y. Zhang, K. Song, W.P. Song, F. Gui, J.B. Tang, Surrogate-based 
aerodynamic shape optimization of hypersonic flows considering transonic per-
formance, Aerosp. Sci. Technol. 93 (2019) 105345, https://doi .org /10 .1016 /j .ast .
2019 .105345.

[40] K. Yu, Y. Chen, S. Huang, Z. Lv, J. Xu, Optimization and analysis of inverse design 
method of maximum thrust scramjet nozzles, Aerosp. Sci. Technol. 105 (2020) 
105948, https://doi .org /10 .1016 /j .ast .2020 .105948.

[41] Y. Wang, J. Xu, S. Huang, Y. Lin, J. Jiang, Computational study of axisymmetric 
divergent bypass dual throat nozzle, Aerosp. Sci. Technol. 86 (2019) 177–190, 
https://doi .org /10 .1016 /j .ast .2018 .11.059.

[42] B.A. Maicke, J. Majdalani, R.L. Geisler, Characterization of the startup and pres-
sure blowdown processes in rocket nozzles, Aerosp. Sci. Technol. 25 (2013) 
273–282, https://doi .org /10 .1016 /j .ast .2012 .02 .003.

[43] B.A. Maicke, G. Bondarev, Quasi-one-dimensional modeling of pressure effects 
in supersonic nozzles, Aerosp. Sci. Technol. 70 (2017) 161–169, https://doi .org /
10 .1016 /j .ast .2017.08 .001.

[44] J. John, T. Keith, Gas Dynamics, 3rd edition, Pearson Education, 2005.
[45] J.D. Anderson, Modern Compressible Flow, 3rd edition, McGraw-Hill, 2004.
[46] H. Glauert, The effect of compressibility on the lift an aerofoil, Proc. R. Soc. 

Lond. Ser. A, Math. Phys. Sci. 118 (1928) 113–119.
[47] J. Zonglin, K. Matsuoka, A. Sasoh, K. Takayama, Numerical and experimental 

investigation of wave dynamic processes in high-speed train / tunnels, Acta 
Mech. Sin. 18 (2002) 209–226, https://doi .org /10 .1007 /bf02487949.

[48] R.A. Kumar, G. Rajesh, Shock transformation and hysteresis in underexpanded 
confined jets, J. Fluid Mech. 823 (2017) 538, https://doi .org /10 .1017 /jfm .2017.
231.
19

https://doi.org/10.1121/1.413048
https://doi.org/10.1121/1.413048
https://doi.org/10.1007/BF03325788
https://doi.org/10.2514/1.J055634
https://doi.org/10.2514/1.j057103
https://doi.org/10.1016/j.jweia.2021.104562
https://doi.org/10.1080/19942060.2019.1704886
https://doi.org/10.1080/19942060.2019.1704886
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib02E74F10E0327AD868D138F2B4FDD6F0s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib02E74F10E0327AD868D138F2B4FDD6F0s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib33E75FF09DD601BBE69F351039152189s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib33E75FF09DD601BBE69F351039152189s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib33E75FF09DD601BBE69F351039152189s1
https://doi.org/10.1146/annurev.fluid.30.1.539
https://doi.org/10.1146/annurev.fluid.30.1.539
https://doi.org/10.1017/jfm.2014.477
https://doi.org/10.1017/jfm.2014.477
https://doi.org/10.1016/j.ast.2018.05.011
https://doi.org/10.1016/j.jsv.2014.08.004
https://doi.org/10.1016/j.ast.2020.106060
https://doi.org/10.1016/j.ast.2020.106060
http://refhub.elsevier.com/S1270-9638(21)00480-6/bibE369853DF766FA44E1ED0FF613F563BDs1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bibE369853DF766FA44E1ED0FF613F563BDs1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bibE369853DF766FA44E1ED0FF613F563BDs1
https://doi.org/10.1017/S0001924000095944
https://doi.org/10.1016/j.ast.2021.106531
https://doi.org/10.1016/j.ast.2020.106411
https://doi.org/10.1016/j.ast.2020.106411
https://doi.org/10.1016/j.apm.2011.01.013
https://doi.org/10.1016/j.ast.2019.105345
https://doi.org/10.1016/j.ast.2019.105345
https://doi.org/10.1016/j.ast.2020.105948
https://doi.org/10.1016/j.ast.2018.11.059
https://doi.org/10.1016/j.ast.2012.02.003
https://doi.org/10.1016/j.ast.2017.08.001
https://doi.org/10.1016/j.ast.2017.08.001
http://refhub.elsevier.com/S1270-9638(21)00480-6/bibF7177163C833DFF4B38FC8D2872F1EC6s1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bib6C8349CC7260AE62E3B1396831A8398Fs1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bibD9D4F495E875A2E075A1A4A6E1B9770Fs1
http://refhub.elsevier.com/S1270-9638(21)00480-6/bibD9D4F495E875A2E075A1A4A6E1B9770Fs1
https://doi.org/10.1007/bf02487949
https://doi.org/10.1017/jfm.2017.231
https://doi.org/10.1017/jfm.2017.231

	Effects of compressible flow phenomena on aerodynamic characteristics in Hyperloop system
	1 Introduction
	2 Numerical method
	2.1 Fluid properties
	2.2 Computational domain
	2.3 Boundary conditions
	2.4 Computational grid
	2.5 Mathematical model
	2.6 Numerical details

	3 Theoretical consideration
	3.1 Coordinate systems and local quantities of flow
	3.2 Converging and diverging nozzle relation
	3.3 Prediction of leading shock wave propagation speed
	3.4 Prediction of aerodynamic drag

	4 Verification
	4.1 Grid independence test
	4.2 Time step independence test
	4.3 Effect of acceleration

	5 Results and discussion
	5.1 Flow regimes in Hyperloop aerodynamics
	5.2 Pressure waves
	5.3 Mach number and pressure field
	5.4 Analysis of shock wave behavior
	5.5 Analysis of aerodynamic drag

	6 Conclusion
	7 Limitations
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary material
	References


