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With rapid changes in lifestyle patterns and recent technological advancements, there is an increasing 
demand for efficient, convenient, and eco-friendly transportation systems. The Hyperloop system, 
which is a tube–train system, was introduced with the aim of catering to the demand for improved 
transportation facilities. The primary factors of the Hyperloop system such as the point of departure 
(pod), standstill, and transfer are directly dependent on the change in the cross-sectional area of the tube 
such as stations. In this study, the effects of sudden expansion and contraction were analyzed though 
numerical simulations with respect to the blockage ratio (BR), expansion ratio (ER), and contraction ratios 
(CR). Furthermore, the propagation Mach number and magnitude of pressure waves were predicted 
through theoretical consideration. Under sudden expansion and contraction of tube, the first leading 
shock wave (LSW1), reflected expansion wave (REW), second leading shock wave (LSW2), reflected shock 
wave (RSW), and third leading shock wave (LSW3) are generated in this system. The propagation Mach 
number and pressure magnitude of LSW1 increase with an increase in the BR. The Mach number of REW 
decreases with an increase in the BR. The propagation Mach number of LSW2 increases with the BR and 
with a decrease in the ER owing to the pressure behind the shock wave. The propagation Mach number 
of RSW decreases with an increase in the BR and with a decrease in the CR, and that of LSW3 increases 
with an increase in the BR and with a decrease in the CR. The drag coefficient decreases when REW 
reaches the pod because the expansion wave decreases the pressure of flow field. Owing to the similar 
minimum drag coefficient, the difference of drag coefficient increases with an increase in the BR. In this 
study, the predicted Mach number and pressure magnitude under quasi-one-dimensional assumption are 
in good agreement with the simulation results. Therefore, this study can aid the design of expanded and 
contracted zones considering the formation of the shock wave.

© 2022 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

Recent technological advances have resulted in strong market competition across the world, resulting in an increase in the demand 
for innovative and advanced technologies. The evolving lifestyle patterns have given the platform for several industry verticals, and trans-
portation is among the fastest growing sectors across the world. The subsequent demand for faster domestic cars, high-speed trains, and 
airplanes has given rise to numerous innovations in recent years. Recent advances in high-speed transportation have pivoted the evolution 
of this field. Oster introduced an evacuated tube transport, which is a train that travels in a vacuum tube [1]. This evacuated tube trans-
port has numerous advantages including high-speed, low aerodynamic forces, efficient operation, and low cost. As a developed evacuated 
tube transport, the Hyperloop system has attracted the most attention among the list of vacuum-tube transport systems across the world. 
The Hyperloop system, which was introduced by Elon Musk in 2013 [2], is based on a concept wherein a pressurized capsule (i.e., a 
pod) travels in a sub-vacuum tube (i.e., 1/1000 atm) with a target speed nearing the speed of sound (i.e., 1250 km/h). There has been a 
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Nomenclature

AC T Cross-sectional area of contraction tube
AE Z Cross-sectional area of expanded zone
A P Cross-sectional area of pod
A P T Cross-sectional area of primary tube
BR Blockage ratio (A P /A P T )
Cd Drag coefficient
CR Contraction ratio (AET /AC T )
dC T Diameter of contraction tube
dE Z Diameter of expanded zone
dh Hydraulic diameter
dP T Diameter of primary tube
ER Expansion ratio (AET /A P T )
Fd Drag force
lE Z Length of expanded zone
LSW1 First leading shock wave
LSW2 Second leading shock wave
LSW3 Third leading shock wave
ṁ Mass flow rate
M Mach number
ML SW1 Mach number of first leading shock wave
ML SW2 Mach number of second leading shock wave
ML SW3 Mach number of third leading shock wave
Mp Mach number of pod
MR EW Mach number of reflected expansion wave
MR SW Mach number of reflected shock wave
p Static pressure

po Stagnation pressure
po,L SW1 Stagnation pressure behind LSW1
po,L SW3 Stagnation pressure behind LSW3
po,R SW Stagnation pressure behind RSW
p∞ Base pressure (101.325 Pa)
R Individual gas constant
Re Reynolds number
REW Reflected expansion wave
RSW Reflected shock wave
T Static temperature
To Stagnation temperature
To,L SW1 Stagnation temperature behind LSW1
T∞ Base temperature (300 K)
v Velocity
v p Velocity of pod
γ Specific heat ratio
ρ Density
μ Viscosity

Superscript

s Shock-fixed coordinates system
p Pod-fixed coordinates system

Subscript

a Local quantity in front of shock wave
b Local quantity behind shock wave

considerable amount of research related to this system, most of it being focused on factors such as the pressure of tube, speed of pod, 
and structure.

The parametric study was conducted for varying the speed of pod [3–8]; tube pressure [3–6]; blockage ratio (BR) (i.e., a cross-sectional 
area ratio of pod-to-tube) [3,5–8]; pod shape [4,8]; temperature [3,9]; and pod length [3]. The aerodynamic drag significantly increases 
with the speed of pod, tube pressure, and BR owing to the high-pressure field in front of the pod. Furthermore, the aerodynamic drag 
slightly increases with an increase in pod length at low-temperature. Previous studies reported the oblique shock wave that is formed 
behind the tail of pod, and the oblique shock wave significantly increases the aerodynamic drag. However, the compressible flow behavior 
such as the propagation of wave cannot be considered because these studies [3–9] conducted steady-state simulations. The aerodynamic 
drag and the oblique shock wave were also analyzed with unsteady-state simulations for various speeds of the pod [10–12]; tube pressure 
[10,11]; and BR [10,11,13]. Although the tendencies were similar in the steady-state simulations, the propagation of pressure waves was 
observed in the aforementioned studies.

When an object moves at a high speed in a confined space, various pressure waves are generated, and the compressible flow phenom-
ena is more apparent than in open spaces owing to the choked flow. The compressible flow phenomena on a high-speed projectile in a 
tube were comprehensively analyzed with regard to theory, experiment, and simulation [14]. The compression and expansion waves are 
generated in the tube, and these waves propagate in opposite directions. Furthermore, oblique shock and trailing shock waves are gener-
ated behind the projectile after it reaches a critical speed. They concluded that the pressure waves severely change the flow fields inside 
a tube, and the aerodynamic characteristics vary owing to the pressure waves. Jang et al. [15] analyzed the compressible flow phenomena 
and aerodynamic characteristics for varying speeds of the pod in the Hyperloop system through numerical simulation and theoretical con-
sideration. They observed that the leading shock wave (LSW) and expansion wave are generated at a pod speed of 100 to 300 m/s. When 
the pod reaches a critical speed (i.e., occurrence of choking phenomenon), the oblique shock and trailing shock waves are generated. They 
concluded that the flow regimes can be divided through the compressible flow phenomena such as choking and oblique shock wave. Sui 
et al. [16] analyzed the aerothermodynamic behavior under choked flow in the Hyperloop system. They performed numerical simulations, 
and focused on the oblique shock wave for various BR, concluding that the presence of choked flow results in an increase in the pressure, 
temperature in front of pod, and the aerodynamic drag.

In the Hyperloop system, the change in cross-sectional area (i.e., sudden expansion and contraction) of the tube, such as in stations, 
should be considered for the departure, standstill, and transfer [17,18]. Because the LSW with high-pressure propagates to the expanded 
zone, the compressible flow behaviors that vary according to the change in the cross-sectional area are important in operations for the 
Hyperloop system. Furthermore, the pressure wave is transmitted and reflected at the location where the cross-sectional area changes, af-
fecting the aerodynamic characteristics of the Hyperloop system. Trengrouse and Soliman [19] theoretically analyzed the effects of sudden 
changes in flow area on pressure waves. They predicted the amplitudes of the reflected and transmitted waves at abrupt changes in flow 
area, and concluded that the predicted amplitudes were in good agreement with experimental results under the isentropic assumption. 
Hall and Orme [20] investigated the compressible flow through a sudden enlargement in a pipe with theoretical and experimental consid-
erations. They concluded that the Mach numbers in the entrance to enlargement as well as in the downstream are accurately predicted 
within the specific range of area ratio.
2
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Fig. 1. Normal shock wave (NSW) for each coordinate system; (a) Absolute coordinates, (b) Pod-fixed coordinates, and (c) Shock-fixed coordinates. Here, subscript a and b
indicate local quantities in front of and behind normal shock wave. Superscripts p and s indicate pod-fixed and shock-fixed coordinates systems, respectively.

Although these studies were significant, the effects of sudden expansion and contraction of a tube in the Hyperloop system on the 
compressible flow phenomena and aerodynamic characteristics have not been studied. Our study theoretically and numerically analyzed 
the compressible flow phenomena and aerodynamic characteristics considering the sudden expansion and contraction of the tube for 
varying BRs at a transonic speed of pod (i.e., M = 0.864). More specifically, the propagation speed and magnitude of pressure waves were 
predicted through a theoretical consideration under isentropic and quasi-1D flow assumption, and were compared with the simulation 
results.

2. Theoretical consideration

2.1. Assumptions and normal shock relations

Based on the theoretical consideration, the magnitude and propagation speed of pressure waves, such as normal shock wave and 
expansion wave, were predicted through several assumptions for ideal gas, quasi-1D, and isentropic flow. In the Hyperloop system, the 
high-pressure field and low-pressure field are formed by the movement of pod because the air is compressed in front of the nose of the 
pod, which generates the compression wave, and because the air is expanded on the curved surface of the tail of the pod, which makes 
the expansion wave. In an open space, the compression wave propagates in all directions when an object moves at subsonic speed. Thus, 
the compression wave dissipates owing to the energy loss. In contrast, the compression wave propagates along the axial direction of the 
tube with low dissipation because it is restricted by the wall of tube. The compression wave is repeatedly generated when an object 
moves from the subsonic to supersonic speed. Furthermore, the compression waves possess a gradual pressure profile, thus resulting 
in a difference in local speed of sound at each point. The speed of sound increases with an increase in temperature, and as a result, 
the compression wave becomes an intense wave as it propagates. Therefore, the compression waves generated by the movement of pod 
propagate with low dissipation, and develop into a normal shock wave because a compression wave is faster than an anterior compression 
wave [21–23].

The absolute, pod-fixed, and shock-fixed coordinates systems are considered in the theoretical consideration to quantitatively analyze 
the normal shock wave and expansion wave in this study. In the absolute coordinates system, an observer is located outside the system. 
In the pod-fixed coordinates system, the observer is located at the pod. In other words, the pod is stationary and surrounding fluid flows 
relative to the pod. The shock-fixed coordinates system is related to the observer located on the shock wave, and thus, the speed of shock 
wave is zero in this coordinates system. Fig. 1 presents the expression of velocity for various coordinates systems, and these expressions 
were used to derive the equations. The normal shock wave (NSW), shown in Fig. 1, represents all shock waves covered in this study, i.e., 
first leading shock wave (LSW1), second leading shock wave (LSW2), third leading shock wave (LSW3), and reflected shock wave (RSW) 
in section 2.3 and Fig. 2. The local quantities such as pressure, density, temperature, and Mach number vary discontinuously across the 
normal shock wave. Accordingly, the local quantities are defined as the locations; subscript a and b indicates the local quantities in front 
of and behind the normal shock wave, and superscript s indicates the shock wave coordinates system. The normal shock relations for 
these quantities can be expressed in shock-fixed coordinates system as follows [21–23]:
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where

Ms
a = vs

a√
γ RTa

, (5)

Ms
b = vs

b√
γ RTb

. (6)

Here, p is the static pressure, ρ is the fluid density, T is the static temperature, v is the flow velocity, M is the Mach number, γ is the 
specific heat ratio, and R is the individual gas constant.

2.2. Converging–diverging nozzle relation

In the Hyperloop system, the cross-sectional area between the tube and the pod is similar to a converging–diverging (i.e., de Laval) 
nozzle. To analyze the flow through converging–diverging nozzle, a quasi-1D flow is assumed [24–26]. The convergent and divergent 
sections exist owing to the nose and tail of the pod, respectively. In the converging–diverging nozzle, flow regimes can be observed with 
respect to the condition of upstream and downstream pressure. When the downstream pressure is relatively high, the incoming flow 
of the subsonic speed accelerates to the throat, and decelerates in the divergent section such that the fluid flows at subsonic speed at 
the exit. If the downstream pressure is lower than that of previous condition, the choked flow may occur at the throat, and a normal 
shock wave is formed in the divergent section. Thus, the flow experiences a discontinuous change across the normal shock wave. In this 
condition, the supersonic flow is observed from the throat to normal shock wave, but this flow is not fully accelerated, mainly because 
of the shock wave. Under the condition when there is enough low downstream pressure, the sonic flow at the throat accelerates until 
the exit. Thus, the supersonic flow is observed in the divergent section (i.e., supersonic flow at the exit of nozzle). When the Hyperloop 
system is considered in the pod-fixed coordinates system, the flow comes toward the pod at the same speed as the pod and experiences 
the convergent section by passing between the tube and the pod. Furthermore, the straight section can be regarded as a throat, and 
the divergent section exists between the tube and tail of the pod. Therefore, the converging–diverging nozzle relation under the choking 
condition in the pod-fixed coordinates system is expressed as follows:

AT

AT − A P
= 1

M p
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M p
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. (7)

Here, AT and A P are the cross-sectional areas of the tube and pod, respectively. The superscript p indicates the pod-fixed coordinates 
system. In the converging–diverging nozzle, two solutions can be obtained from Eq. (7) under the choked flow at the throat and isentropic 
flow conditions; one is a critical Mach number, which represents the subsonic Mach number at the entrance to nozzle, and the other is 
the exit Mach number, which represents the supersonic Mach number at the exit of the nozzle.

2.3. Prediction of normal shock wave

Fig. 2 shows the pressure waves for the LSW1, LSW2, REW, LSW3, and RSW. As mentioned above, LSW1 is generated by the movement 
of pod, and it propagates to the expanded zone. As shown in Fig. 2(a), the Mach number behind LSW1 under isentropic and choked flow 
conditions can be expressed as follows [15]:

M p
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where

MLSW1 = −v LSW1√
γ RTa,LSW1

, (9)

Mp = −v p√
γ RTa,L S W1

. (10)

Here, M p
b,L SW1

is the Mach number behind LSW1 in the pod-fixed coordinates system. ML SW1 and Mp are the Mach number of LSW1 and 
the pod in the absolute coordinates system, respectively. The quantities between LSW1 and nose of pod were assumed to be identical un-
der isentropic flow assumption. Accordingly, the M p

b,L SW1
can be determined as the critical Mach number from Eq. (7) under choked flow 

condition, and ML SW1 can be obtained from Eqs. (8)–(10). Accordingly, all local quantities behind LSW1 are determined from Eqs. (1)–(6).
Once LSW1 is transmitted to the expanded zone, LSW2 is generated, which then propagates in the expanded zone when the flow 

is fully developed (as shown in Fig. 2(b)). As the flow enters to the expanded zone, that experiences the effect of converging-diverging 
nozzle owing to the streamline [27]. When the flow accelerates owing to the sudden expansion, the location of maximum flow velocity is 
near the entrance to the expanded zone. It was assumed that the flow induced by the pod was choked at the entrance to the expanded 
zone. To predict the quantities behind LSW2, the mass flow rate behind LSW2 was assumed to be identical to that at the entrance to the 
expanded zone. Thus, the compressible mass flow rate can be expressed as follows [21–23]:

ṁ = A
po√
√

γ
M
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)− γ +1

2(γ −1)

. (11)

To R 2
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Fig. 2. Pressure waves with respect to movement of pod. First leading shock wave (LSW1), second leading shock wave (LSW2), reflected expansion wave (REW), third leading 
shock wave (LSW3), and reflected shock wave (RSW).

Here, po and To are the stagnation pressure and temperature, respectively. When the flow is assumed to be choked, the Mach number in 
Eq. (11) is equal to one. Thus, the mass flow rate can be obtained from the stagnation pressure and temperature. The stagnation pressure 
and temperature at the entrance to the expanded zone were assumed to be identical behind LSW1 from the isentropic flow assumption.

As mentioned above, the mass flow rate at the entrance to the expanded zone and that behind LSW2 were assumed to be identical 
under isentropic flow. To predict the local quantities behind LSW2, the equation of compressible mass flow rate was applied under the 
choking condition at the entrance to the expanded zone. Therefore, the Mach number behind LSW2 can be expressed through the mass 
conservation between the entrance to the expanded zone and LSW2:
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Here, ML SW2 is the Mach number of LSW2 in absolute coordinates system. p∞ and T∞ are the freestream pressure and temperature (i.e., 
operating pressure and temperature of the tube), respectively. The expansion ratio (ER) is defined as the cross-sectional area of expansion-
to-primary tube (i.e., ER = AET /A P T ). Here, ML SW2 cannot be obtained from Eq. (12) because Mb,L SW2 and ML SW2 are two variables 
in a single equation. Therefore, an additional equation is necessary to obtain Mb,L SW2 . The Mach number behind LSW2 in the absolute 
coordinates system in different forms can be expressed as follows:
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Further details for derivation of Eqs. (12) and (16) have been provided in the Supplementary Material (Supplementary method A). All 
quantities behind LSW2 can be predicted from Eqs. (1)–(16).

After LSW2 reaches the exit of expanded zone, the RSW and LSW3 are generated owing to the difference in the tube diameter. The 
RSW propagates to the entrance to the expanded zone, and LSW3 propagates in an identical direction to the movement of pod. The 
pressure increases behind RSW because the mass is accumulated owing to the smaller diameter of contraction tube which makes the 
5
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restricted structure. The mass flow rates behind RSW were assumed to be identical to the one behind LSW3. The mass flow rate behind 
RSW and LSW3 in the absolute coordinates system can be expressed as follows:

ṁb,R SW = ρb,LSW2

√
γ RTb,LSW2
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⎢⎣(2Mb,LSW2 − Ms
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where
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γ RTa,R SW
, (19)
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= −v LSW3√
γ RTa,LSW3

, (20)

Here, ṁb,R SW and ṁb,L SW3 are the mass flow rates behind RSW and LSW3 in the absolute coordinates system. When the mass flow 
rates behind RSW and LSW3 are assumed to be identical, there are two variables in one equation. Thus, an additional equation related 
to Ms

a,R SW and Ms
a,L SW3

is required to obtain the Mach number solution. It should be noted that the contraction ratio (i.e., expansion-
to-contraction tube area ratio; CR = AET /AC T ) can be defined from the expansion and contraction tube. The stagnation pressures behind 
RSW and LSW3 were assumed to be identical, and are considered as an additional condition because there is no shock wave between 
RSW and LSW3. The stagnation pressures behind RSW and LSW3 in the absolute coordinates system can be expressed as follows:
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Here, po,R SW and po,L SW3 are the stagnation pressures behind RSW and LSW3, respectively. Further details for derivation of Eqs. (17)–(18)
and (21)–(22) have been provided in the Supplementary Material (Supplementary method B).

2.4. Prediction of reflected expansion wave

When LSW1 reaches the entrance to the expanded zone, the reflected expansion wave (REW) is generated, which then propagates to 
the pod (as shown in Fig. 2(b)) [27]. The low-pressure field is generated behind the REW, which subsequently results in a decrease in 
the aerodynamic drag on a pod when REW reaches the pod. Accordingly, the prediction of speed for REW is important because the start 
time of the decreasing drag can be estimated. The expansion waves spread out according to the time variation with decreasing pressure 
and increasing velocity [23]. The expansion wave propagates at the speed of sound when the fluid in front of the wave is a stationary. 
However, the speed of expansion wave is affected when the fluid flows in front of the wave. In the Hyperloop system, the fluid flows 
owing to the movement of pod, and this flow velocity affects the speed of REW. The flow velocity behind LSW1 is varied with the BR 
because the critical Mach number is different according to the cross-sectional area change as shown in Eq. (7). Accordingly, the Mach 
number of the REW under the isentropic flow can be expressed as follows:

MR EW = 1 +
2
[

1 − (MLSW1

)2]
√[

2γ
(
MLSW1

)2 − (γ − 1)
][

(γ − 1)
(
MLSW1

)2 + 2
] . (23)

Here, MR EW is the Mach number of REW. Further details for derivation of Eq. (23) have been provided in the Supplementary Material 
(Supplementary method C).

3. Numerical methods

3.1. Assumptions and simulations

In this study, numerical simulations were conducted using a commercial software (ANSYS Fluent). A two-dimensional axisymmetric 
model was adopted, and unsteady-state and simulations were performed to analyze the impact of sudden expansion and contraction of 
the tube on the compressible flow phenomena and aerodynamic characteristics. It was assumed that the working fluid was as an air 
6
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following the ideal gas law. Furthermore, the air was assumed as a compressible and viscous fluid. Sutherland’s model was applied for 
the fluid viscosity, which is a function of only temperature [28]. The compressible solver was applied because a high Mach number was 
expected. The Mach number, which classifies an incompressible or compressible flow, is defined as the ratio of flow velocity to speed of 
sound (c), and the speed of sound is defined as 

√
γ RT under the isentropic and ideal gas conditions.

The Reynolds number (Re) is a non-dimensional parameter, and is defined as the ratio of inertial force to viscous force. It can be 
expressed as Re = ρvdh/μ, where dh (i.e., dh = dP T −dP ) is the hydraulic diameter and μ is the fluid viscosity. In this study, the Reynolds 
numbers are 20,300, 30,455, 40,600, and 50,760 corresponding to the BR of 0.64, 0.49, 0.36, and 0.25, respectively. Therefore, a turbulent 
flow is considered in this system. Furthermore, the tube and pod walls were assumed to have smooth surfaces. All numerical simulations 
were performed for a flow time of 1 s. The time step (�t) was set to 0.00005 s. The implicit method was applied to calculate the 
governing equations. The second-order upwind scheme was applied for the flow, turbulent kinetic energy, and the specific dissipation 
rate. To capture the strong shock, the advection upstream splitting method (AUSM) was applied in all simulations.

3.2. Governing equations

The governing equations for compressible flow consist of the conservation of mass, momentum, and energy equations:
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In this study, the Reynolds number is in the fully turbulent flow regime, as described in section 3.1. Accordingly, the Reynolds averaged 
Navier Stokes (RANS) equation was solved with the k − ω shear stress transport (SST) turbulence model [29], which has been widely 
used for supersonic flow simulation and tube-train or tunnel-train system [30–34]. The direct numerical simulation (DNS) and large eddy 
simulation (LES) can accurately predict the turbulence [35,36]. However, these simulations are challenging owing to the simulation cost. 
The k − ω SST model accurately predicts the shock location and phenomena in the separation region at transonic speed [37–40]. The 
turbulence model includes the turbulence kinetic energy k and specific rate of dissipation ω as variables:
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with

F1 = tanh
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Where β∗ and σk are the closure coefficients in the turbulence kinetic energy equation; β , σω , and σω2 are the coefficients in the specific 
dissipation rate equation, and μt is the turbulence viscosity.

3.3. Computational domain and boundary conditions

In the Hyperloop system, the shape of the pod is important for the aerodynamic characteristics and pressure waves. However, in 
this study, the shape of pod was assumed as an idealized hemispherical model for the nose and tail to focus on the general physics of 
compressible flow phenomena and aerodynamic characteristics, excluding the effects of shape. To investigate the general flow fields in the 
Hyperloop system, the idealized model has been used in previous studies [10,15]. Therefore, a two-dimensional axisymmetric model was 
applied in all simulations. Fig. 3(a) presents the schematic of geometric model applied in this study with x-y coordinates. When the pod 
travels in the tube, the cross-sectional area around the nose and tail of pod changes. The cross-sectional area between the tube and the 
pod is similar to that of the converging-diverging nozzle because the shape of the nose and the tail is a hemisphere. A convergent section 
and a divergent section are formed around the nose and tail of pod, respectively. The straight section, which is unchanged cross-sectional 
area, is formed between the nose and tail of pod.

The total lengths of the tube and pod were set to 1129 and 43 m, respectively. The length of the tube was sufficient to prevent a 
numerical instability because the pressure waves such as compression and expansion waves induced by the pod propagate to the end of 
7
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Fig. 3. Schematic of (a) geometric model (unit: m) and (b) boundary conditions. Diameter of primary tube (dP T ) and contraction tube (dC T ) are 5 m, and those of pod (dP ) 
are 2.5, 3, 3.5, and 4 m corresponding to BR 0.25, 0.36, 0.49, and 0.64, respectively. Diameters of expanded zone (dE Z ) are 6, 8, 10 m in correspondence to ER 1.44, 2.56, and 
4, respectively; CR is identical in this study. Black arrow in (a) indicates moving direction of pod. Gray area represents moving zone.

tube. The distance between the entrance to the expanded zone and the pod nose was set to 300 m, and the pod moves to left until the 
simulation time of 1 s at a speed of 300 m/s. Therefore, the simulation was performed until the pod locates the entrance to the expanded 
zone. Note that, the pod instantly starts for the movement. A previous study observed that the instant start and gradual acceleration of 
the pod are insignificant [15]. The shape of expanded zone was assumed as an idealized cylinder to investigate the general flow physics of 
the sudden expansion and contraction. The diameters of primary and contraction tubes (dP T and dC T ) were set to 5 m. Furthermore, the 
diameters of pod were 2.5, 3, 3.5, and 4 m corresponding to the BR of 0.25, 0.36, 0.49, and 0.64, respectively. The diameters of expanded 
zone (dE Z ) were set to 6, 8, and 10 m corresponding to the ERs and CRs of 1.44, 2.56, and 4, respectively. The length of the expanded 
zone (lE Z ) was set to 86 m, which corresponded to twice that of the length of pod (2lP ).

Fig. 3(b) presents the boundary conditions applied in this study. The outlet-pressure was applied at the ends of the tube as outlet 
conditions with the pressure of 101.325 Pa (1/1000 atm) and temperature of 300 K. The walls of the primary, expansion, and contraction 
tubes were the stationary walls with adiabatic and no-slip conditions. To simulate the movement of the pod, a moving zone was gen-
erated with length of 80 m. The length of the moving zone was sufficient to prevent the numerical instabilities that are caused by the 
compressible flow behaviors around the interfaces. The wall of the pod was set as the moving wall with adiabatic and no-slip conditions. 
The wall of the pod moves along the moving zone at a speed of 300 m/s in all simulations. An initial solution of pressure, temperature, 
and velocity for the flow field is 101.325 Pa, 300 K, and zero, respectively.

3.4. Computational grid

The overset mesh method for a dynamic mesh was applied to the computational grid. This method has been widely adopted for a 
moving object owing to several advantages [41–44]. The overset mesh consists of a background and component mesh. The background 
and component mesh are stationary and moving zones, respectively. There is no re-meshing process because the component mesh overlaps 
the background mesh, and moves on this background mesh. Therefore, the overset mesh method provides accurate solutions and reduces 
the simulation time because the quality of mesh is preserved and generating time is not required. In this method, the background and 
component mesh coexist around the pod containing the interfaces. The cell data was interpolated at the interface where the part of 
background and component mesh overlapped to transfer the numerical data between two meshes [45,46].

In this study, the tube mesh (as background) and the moving zone mesh (as component) were generated to apply the overset mesh 
method. Fig. 4 shows the computational grid for the component and background mesh. The background and component mesh were 
hexahedral type. A fine mesh was generated near the walls of the tube and pod for the component mesh and background mesh (as 
shown in Fig. 4), because a large velocity gradient was expected owing to the viscosity effects such as an aerodynamic boundary layer. 
The number of grid nodes for the component mesh was 532,854 in the BR of 0.64, and the first cell height from the walls of the tube 
and the pod was set to 0.0001 m, considering the dimensionless first cell height (y+) is less than 1, to obtain the accurate solution with 
the adopted RANS model. The fine mesh was generated around the expansion and contraction region (as shown in Fig. 4(b)) because the 
large variation in flow quantities was expected. The number of grid nodes for the background mesh was 617,148 in the expansion ratio 4 
(ER = 4), and the first cell height was set to 0.001 m. The result of a grid independence test is presented in section 4.1.

4. Results and discussion

4.1. Grid independence test

To obtain an accurate solution, the grid independence test was performed. The BR of 0.64 was adopted for the grid independence test. 
In the Hyperloop system, the intensity of shock waves and flow quantities is more severe for a higher BR. The number of grid nodes was 
set to 378,004, 532,854, and 687,704, only for the component mesh. The ER value (i.e., CR) of 4 was adopted for the background mesh. 
The number of grid nodes for the background mesh including moving pod was set to 617,148. The drag coefficient (Cd ) was compared 
according to the number of grid nodes. The drag coefficient can be expressed as follows:
8
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Fig. 4. Computational grid for (a) component (moving zone) mesh and (b) background (tube) mesh. Size of mesh in this figure is scaled by a factor 10 in both horizontal and 
vertical directions, except in magnified views. Magnified views are an original scale.

Cd = Fd
1
2ρ∞v p Ap

. (33)

Here, Fd is the drag force and Ap is the frontal area of pod. The drag coefficients for coarse, medium, and fine mesh were calculated 
as 1.765, 1.743, and 1.743, respectively. Fig. 5 presents the normalized pressure distribution with respect to the number of grid nodes a 
simulation time of 1 s. Here, the normalized pressure was calculated from the static pressure divided by the tube density (ρ∞) and speed 
of sound (c∞). The fluid density is 0.001177 kg/m3, and the speed of sound is 347.22 m/s corresponding to a temperature of 300 K. The 
total number of grid nodes for the coarse, medium, and fine mesh were 995,152, 1,150,002, and 1,304,852, respectively. In the magnified 
views, the relative error for the normalized pressure of coarse and medium mesh was 1.26%. On the other hand, the normalized pressures 
of medium and fine mesh have a similar value with a relative error of 0.26%. Therefore, the number of grid nodes of medium mesh 
(1,150,002) was adopted for the BR of 0.64 in the total mesh. The number of grid nodes for the BRs of 0.25, 0.36, and 0.49 were adopted 
with a similar level of the medium mesh.

4.2. Normal shock wave and pressure field

As mentioned in section 2.1, the high-pressure and low-pressure fields are generated by the movement of the pod. Thus, the LSW1
with the high-pressure magnitude propagates in the direction of the pod movement. Fig. 6(a) presents the normalized pressure distribution 
with LSW1 for BR = 0.36 and ER = 2.56 at t = 0.6 s. The high-pressure region is formed between LSW1 and nose of the pod, and the 
low-pressure region develops owing to the oblique shock wave. The oblique shock wave develops because the choked flow occurs in the 
straight section between the tube and pod for the pod speed of 300 m/s in this study. Once the oblique shock wave develops, the pressure 
decreases rapidly and the velocity increases. The oblique shock wave is reflected to the wall of tube; the symmetric shock wave structure 
is formed because the pod was assumed as an idealized hemisphere shape. Once LSW1 reaches the entrance to the expanded zone, REW 
and LSW2 are generated in different direction (as shown in Fig. 6(b)). The LSW2 is generated when the flow from the primary tube is fully 
developed in the expanded zone. The pressure magnitude of LSW2 is lower than that of LSW1 because the expanded area is larger than 
that of primary tube. During the expansion, the pressure decreases before the flow is fully developed. In other words, the flow accelerates 
near the expansion as mentioned in previous study [27]. In the primary tube, the pressure decreases in the region after REW propagates. 
When REW reaches the pod, the aerodynamic drag is affected; the aerodynamic drag decreases by the lower pressure owing to the REW 
than that behind LSW1. The details of aerodynamic drag coefficient are discussed in section 4.4. After LSW2 reaches the entrance to the 
contraction tube (i.e., the end of expanded zone), the RSW and LSW3 are generated, and they propagate in different directions. A higher 
pressure is formed behind RSW because the mass flow accumulates owing to the conjunction of expansion and contraction tube. The 
density and pressure increase, and the flow velocity decreases behind RSW. The RSW propagates to the entrance to the expanded zone, 
which may increase the pressure in the entire expanded zone during propagation. In the contraction tube, the pressure increases behind 
LSW3 which propagates with a high-pressure magnitude. Around the nose of pod, the pressure decreases in Fig. 6(c) compared with the 
Fig. 6(a)–6(b) because REW has already reached the pod.

The normal shock wave and pressure field are quantitatively analyzed. Fig. 7 presents the normalized pressure distribution for the BR 
of 0.36 and ER of 2.56 at the time of 0.55 and 0.6 s. When the pod moves in the subsonic speed, LSW1 propagates with the high-pressure 
9



J. Kim, T.T.G. Le, M. Cho et al. Aerospace Science and Technology 126 (2022) 107587
Fig. 5. Normalized pressure with respect to number of grid nodes for grid independence test. Computational grids for coarse (995,152 nodes), medium (1,150,002 nodes), and 
fine (1,304,852 nodes) mesh were compared. Magnified views show difference in normalized pressure for these meshes. BR and ER are 0.64 and 4 for grid independence test.

Fig. 6. Normalized pressure distribution according to development of pressure waves. (a) LSW1 at t = 0.6 s, (b) LSW2 and REW at t = 0.8 s, and (c) LSW3 and RSW at t 
= 0.95 s represent pressure waves in sudden expansion and contraction of tube. Diameter of pod is 3 m corresponding to BR = 0.36, and that of expanded zone is 8 m 
corresponding to ER = 2.56. Magnified view shows flow around pod.

magnitude. Owing to LSW1, the discontinuous change in the local quantities occurs across the normal shock wave. From the nose and 
tail of the pod, the pressure decreases because the flow experiences the convergent and divergent sections between the tube and pod. 
The choked flow occurs for all BR covering this study, and the flow behavior is identical with respect to the BR. In the divergent section 
between the tube and pod, the flow accelerates, and the pressure rapidly decreases with the oblique shock wave.

A magnified view of the normalized pressure distribution at 0.7 and 0.75 s is shown in Fig. 8. Once LSW1 reaches the entrance to 
the expanded zone, LSW2 and REW are generated. The LSW2 propagates inside the expanded zone with increasing pressure, and a low-
pressure field is formed around the entrance to the expanded zone owing to the flow acceleration. The pressure behind the normal shock 
10
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Fig. 7. Normalized pressure distribution for BR = 0.36 and ER = 2.56. Black arrows indicate LSW1 and locations of nose and tail of pod at t = 0.55 s. Red lines indicate 
entrance and exit of expanded zone. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Fig. 8. Normalized pressure distribution for BR = 0.36 and ER = 2.56.

wave is lower than that behind LSW1 because the cross-sectional area of the expanded zone is larger than that of the primary tube. 
Accordingly, the cross-sectional area of the expanded zone is a primary factor in the flow quantities. From the magnified view with LSW2, 
the pressure profile has an oscillatory form owing to the wave reflection at the wall of expanded zone. In the primary tube, the REW 
propagates to the pod as the pressure decreases. Thus, the pressure between the entrance to the expanded zone and REW has a gradual 
profile as a characteristic of the expansion wave.

Once LSW2 reaches the entrance to the contraction tube, RSW and LSW3 are generated, and they propagate in opposite directions (as 
shown in Fig. 9). Because LSW2 reflects off the entrance to the contraction tube, the RSW with a high pressure is generated. At t = 0.95 
s, the pressure in front of the pod evidently decreases owing to the effect of REW. In the contraction tube, LSW3 propagates with the 
high-pressure field. Accordingly, the cross-sectional area of the contraction tube is a key factor that determines the pressure magnitude 
and propagation speed of LSW3.

4.3. Aerodynamic drag

The aerodynamic drag was analyzed based on the numerical simulation. When the pod moves at a transonic speed, the high-pressure 
and low-pressure fields are generated owing to the normal shock wave and oblique shock wave. Accordingly, the drag coefficient increases 
with the intensities of the normal shock wave and oblique shock wave. The variation of drag coefficient from t = 0.2 s to t = 1 s with 
respect to the BR is presented as shown in Fig. 10(a). The drag coefficient increases with the BR because the pressure on the nose of the 
pod increases. For the nozzle relation, shown in Eq. (7) under choking condition, the critical Mach number (i.e., Mach number of subsonic 
solution) is lower for a higher BR in the pod-fixed coordinates system. Furthermore, the stagnation pressure at the front of pod is higher 
for a high BR. Accordingly, the pressure in front of pod is higher for a high BR, and the drag coefficient increases. As mentioned above, as 
LSW1 reaches the entrance to the expanded zone, the REW propagates to the pod, and the aerodynamic drag coefficient decreases when 
REW reaches the pod, referred to as the REW effect (as shown in Fig. 10(a)). Because of the characteristic of a REW which decreases 
the pressure, the pressure distributed on the nose of pod also decreases. Although the propagation Mach numbers of LSW1 and REW (as 
presented in Fig. 14) are different, the arrival times of REW for all BRs are similar. Additionally, the minimum drag coefficients owing to 
REW are similar for all BR. In other words, the rate of decrease of the drag coefficient increases with an increase in BR, and the REW effect 
11
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Fig. 9. Normalized pressure distribution for BR = 0.36 and ER = 2.56.

Fig. 10. (a) Drag coefficient variation according to time and (b) maximum and minimum drag coefficient with respect to blockage ratio (BR). �Cd is difference between 
maximum and minimum drag coefficient with respect to blockage ratio.

is significant for a high BR. More specifically, the drag coefficient initially increases when the REW reaches the pod. However, the drag 
coefficient increases near the entrance of the expanded zone, regardless of the BR. The drag initially decreases because REW decreases the 
pressure on the nose of pod. After REW propagates between the tube and the pod, it reaches the tail of pod. When the REW reaches the 
tail of the pod, REW also decreases the pressure on the tail. Accordingly, the drag coefficient increases when the REW reaches the tail of 
the pod. Because the propagation speed of the REW is different for different BRs, the minimum drag coefficient is observed at a different 
time with respect to the BR. The maximum drag coefficient occurs before the REW reaches the pod, and the minimum drag coefficient 
occurs after the REW reaches the pod. As mentioned above, the maximum drag coefficient before REW reaches the pod increases with 
the increase in BR. However, the minimum drag coefficient with the REW effect is similar regardless of the BR (as shown in Fig. 10 (b)). 
This result shows that when sudden expansion and contraction exist in the tube, the drag coefficient with REW effect has a similar value, 
regardless of the BR. Therefore, the difference between the maximum and minimum drag coefficients increases with an increase in BR.

4.4. Effects of blockage, expansion, and contraction ratio

The local quantities, such as density, pressure, temperature, and flow velocity, vary with respect to the blockage, expansion, and 
contraction ratios. Fig. 11 presents the normalized pressure distribution for the expansion ratio of 2.56 with respect to the BR at t = 0.5 
s. When the pod moves in the confined tube, LSW1 propagates regardless of the BR at a pod speed of 300 m/s. The pressure magnitude 
of LSW1 increases with the BR. From the comparison of the pressure behind LSW1 for the BRs of 0.25 and 0.64 under the expansion 
ratio of 2.56 at a pod speed of 300 m/s, the pressure magnitude for the BR of 0.64 is greater by approximately 32% than that for BR of 
0.25. Accordingly, the propagation speed of LSW1 increases owing to the normal shock wave relation. Behind the tail of pod, the oblique 
shock wave is symmetrically formed owing to the wall of tube. The oblique shock wave results in a low-pressure field, which results in 
an increase in the aerodynamic drag. The intensity of oblique shock wave increases with the BR. In other words, the pressure behind the 
pod decreases with an increase in BR.
12
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Fig. 11. Normalized pressure distribution with respect to blockage ratio (BR) represented by LSW1 at 0.5 s. Diameter of expanded zone is 8 m corresponding to ER = 2.56. 
Magnified view presents flow around pod.

The normalized pressure distribution for the expansion ratio of 2.56 with respect to the BR at t = 0.75 is presented as shown in Fig. 12. 
The REW and LSW2 are observed in Fig. 12. In the primary tube, the pressure in front of the pod is increases with the BR, as mentioned 
above. With the increasing BR at a same speed of pod, the stagnation pressure and the flow velocity increase. Accordingly, the propagation 
speed of REW decreases owing to the flow velocity in front of REW (i.e., flow velocity behind LSW1). However, because the propagation 
speed of LSW1 is higher with increasing the blockage ratio, REW is generated earlier. Thus, the REW is propagated relatively more, as 
shown in Fig. 12. In the expanded zone, the pressure magnitude of LSW2 increases with an increase in BR. Furthermore, the propagation 
speed of LSW2 increases with an increase in BR owing to higher pressure ratio in front of and behind LSW2.

Once LSW2 reaches the entrance to the contraction tube, the normalized pressure distribution at t = 0.95 s is presented as shown in 
Fig. 13. The pressure magnitude of the RSW and LSW3 increase with the increase in BR because the pressure behind LSW2 increases with 
an increase in BR. Accordingly, the propagation speed of LSW3 increases with an increase in BR. However, the propagation speed of the 
RSW decreases with the increase in BR. Because the propagation of pressure wave is affected by the flow velocity in front of the normal 
shock wave, the propagation speed is a function of the pressure ratio across the RSW and the flow velocity in front of the RSW (i.e., flow 
velocity behind LSW2). Therefore, the propagation speed of RSW decreases with an increase in BR in the same expansion ratio.

The propagation speeds of LSW1 and REW were predicted through the theoretical consideration in section 2. These speeds can be 
determined from BR and speed of pod, as shown in Eqs. (7)–(8), and (23). Accordingly, the local quantities behind LSW1 and the propa-
gation speed of LSW1 and REW can be predicted for the BR and speed of pod under choked flow. It should be noted that the speed of 
pod was fixed at 300 m/s in this study; the choked flow occurred in all BRs. Fig. 14 presents the propagation speed as a Mach number 
for LSW1 and REW, respectively. Furthermore, the normalized pressure magnitude of LSW1 is presented in Fig. 14. The propagation speed 
of LSW1 increases with an increase in BR. However, the propagation speed of the REW decreases with an increase in BR. The speed of 
REW is affected by the flow velocity in front of the expansion wave. The directions of the REW and flow in front of the expansion wave 
are opposites. Because the flow velocity in front of REW increases with the higher BR, the propagation speed of REW decreases. From the 
comparison of the Mach number of LSW1 and REW from the simulation and theory, the predicted Mach number is in good agreement. 
The pressure magnitude of LSW1 increases with the higher BR because the area between the tube and the pod decreases. The predicted 
pressure is in good agreement with the simulation results.

Fig. 15 presents the Mach number for the propagation speed and normalized pressure of LSW2 with respect to the BR and ER. The 
Mach number and normalized pressure of LSW2 increase with the higher BR and with a decrease in ER. The propagation speed and 
normalized pressure of LSW2 were predicted from Eqs. (1)–(16). To predict the Mach number and normalized pressure, the mass flow 
rate at the entrance to the expanded zone and behind LSW2 was assumed to be identical. Accordingly, the equation of compressible mass 
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Fig. 12. Normalized pressure distribution with respect to BR represented by LSW2 and REW at 0.75 s. Diameter of expanded zone is 8 m corresponding to ER = 2.56. 
Magnified view presents flow around pod.

flow (as shown in Eq. (11)) was calculated under the choking condition at the entrance to the expanded zone. From the comparison 
of the Mach number and normalized pressure from the theory and simulation, it is observed that a few of errors occur owing to the 
assumption of the choking condition, 1-D, and frictionless. Eq. (11), the equation of compressible mass flow rate, includes the Mach 
number at the entrance of the expanded zone, assuming a choked flow. However, because the complex flow around the entrance to 
the expanded zone occurs owing to the flow separation and recirculation zone, the choking assumptions induce the error between the 
theoretical and simulation results. Because LSW1 passes through the entrance of the expanded zone, the fluid flows in the expanded zone 
that has a larger cross-sectional area than that of the primary tube. Because of the area change, the flow accelerates at the entrance of the 
expanded zone. However, the accelerating Mach number is different for the BR and ER. Although the Mach number at the entrance of the 
expanded zone is assumed to be one in the theoretical consideration, this Mach number is not reached for a low ER in the simulation. On 
the other hands, the Mach number at the entrance of the expanded zone reaches one for the high ER in the simulation. Accordingly, the 
predicted Mach number and normalized pressure is matched well for the high ER with the low BR. However, the predicted Mach number 
and normalized pressure are not matched well for the high ER and BR. Although the Mach number at the entrance of the expanded zone 
reaches one for high ER and BR, the predicted flow velocity behind LSW1 is overestimated in the theory. Therefore, the predicted Mach 
number and normalized pressure are overestimated for high ER and BR. In other words, the predicted Mach number and normalized 
pressure agreed well for the high ER and low BR, and those for the low ER and high BR agreed well owing to the predicted mass flow rate 
and flow velocity (i.e., the stagnation pressure and temperature). The maximum relative errors between the theory and simulation were 6 
and 11% for Mach number and normalized pressure, respectively. These relative errors can be considered in a reasonable range where the 
prediction with the theory is applicable.

Fig. 16 presents the propagation Mach number and normalized pressure magnitude of RSW and LSW3 in the absolute coordinates 
system with respect to the BR and CR. The propagation Mach number of RSW decreases with an increase in BR because the flow velocity 
in front of RSW increases. Furthermore, the Mach number increases with the higher CR because the pressure behind RSW increases; the 
pressure ratio behind and in front of RSW increases with the CR at identical BR. The propagation Mach number of LSW3 increases with 
the higher BR because the pressure behind LSW3 increases. Furthermore, the Mach number of LSW3 increases with the decrease in CR 
owing to the pressure behind LSW3. A large relative error was observed between the theoretical and simulation results, and the maximum 
relative error was approximately 15%. In the theoretical consideration, the quasi-one-dimensional and isentropic flows were assumed to 
simplify the compressible flow phenomenon. However, the two-dimensional model and viscous fluid were adopted in the numerical 
simulation. Furthermore, the sudden expansion and contraction generate the recirculation zone with the flow separation. Specifically, in 
the sudden expansion, the flow separation occurs at the corner of the entrance to the expanded zone. In the sudden contraction, the flow 
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Fig. 13. Normalized pressure distribution with respect to BR represented by LSW3 and RSW at 0.95 s. Diameter of expanded zone is 8 m corresponding to CR = 2.56. 
Magnified view shows flow around pod.

Fig. 14. Mach number (MLSW1 ) and normalized pressure magnitude of LSW1, and Mach number of REW (MR EW ) with respect to BR. Red and blue solid lines indicate MLSW1

and MR EW from theory. Black dotted line indicates normalized pressure magnitude. Red triangle and blue inverse-triangle indicate MLSW1 and MR EW from simulation result. 
Black circle indicates normalized pressure magnitude from simulation results.

separation occurs in the contraction tube. These phenomena were not considered in the theoretical analysis; therefore, the error between 
the theoretical and simulation results occurred. In the theoretical consideration, the conservations of the mass flow rate and stagnation 
pressure behind the RSW and LSW3 were assumed to be identical. However, because of the complex flow field under the two-dimensional 
axisymmetric model and viscous fluid, the stagnation pressure behind the RSW and LSW3 did not agree well. Accordingly, the predicted 
propagation Mach number and normalized pressure of the RSW and LSW3 did not agree well. Although the difference between the theory 
and simulation were observed in this study, the presented theory has advantages such as a quick prediction of the propagation Mach 
number and normalized pressure for each normal shock wave.
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Fig. 15. Mach number (MLSW2 ) and normalized pressure of second leading shock wave with respect to BR and ER. Black solid, red single-dotted, and blue dotted lines 
represent ER of 1.44, 2.56, and 4 from theory, respectively. Black circle, red triangle, and blue inverted-triangle represent ER of 1.44, 2.56, and 4 from simulation, respectively.

Fig. 16. Mach number and normalized pressure with respect to BR and CR; (a) reflected shock wave (MR SW ) and (b) third leading shock wave (MLSW3 ). Line configuration is 
identical to Fig. 15.

5. Conclusion

The effects of sudden expansion and contraction of the tube on compressible flow phenomena in the Hyperloop system were analyzed 
by conducting a 2D, axisymmetric, and unsteady-state simulation and a theoretical quasi-one-dimensional consideration. The analysis was 
conducted for various BRs (i.e., BR = 0.25, 0.36, 0.49, and 0.64) and ERs (i.e., ER = 1.44, 2.56, and 4). The pressure waves were classified 
as LSW1, REW, LSW2, RSW, and LSW3. When the pod moves at a transonic speed, LSW1 with high pressure is generated in front of the 
pod. Once the LSW1 reaches the entrance to the expanded zone, LSW2 and REW are generated, and they propagate in opposite directions. 
When LSW2 reaches the entrance to the contraction tube, LSW3 and RSW are generated, and they propagate subsequently. The pressure 
waves such as normal shock wave and expansion wave change the local quantities in flow fields.

For higher BRs, the propagation Mach number and pressure magnitude of LSW1 increase because the mass flow is accumulated. 
However, the propagation Mach number of REW decreases with an increase in BR because the flow velocity in front of REW increases. The 
propagation Mach numbers of LSW1 and REW were successfully predicted under the choking and isentropic flow assumptions compared 
to the simulation results.

When LSW2 propagates in the expanded zone, the propagation Mach number and pressure magnitude decreases compared to LSW1. 
The propagation Mach number of LSW2 increases with the BR owing to the higher pressure behind LSW2. However, the propagation Mach 
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number of LSW1 decreases with the increase in ER because the pressure behind LSW2 decreases owing to the larger expansion area. 
The prediction of propagation Mach number and pressure magnitude of LSW2 was performed under choked flow at the entrance to the 
expanded zone and identical mass flow rate conditions. It is seen that the predicted and simulated results are in good agreement.

Once LSW2 reaches the entrance to the contraction tube, LSW3 and RSW propagate in opposite directions with higher pressure than 
that of LSW2. The propagation Mach number of RSW decreases with an increase in BR because the flow velocity in front of RSW increases. 
On the other hand, the propagation Mach number of RSW increases with the higher CR because the flow velocity in front of RSW 
decreases. The propagation Mach number of LSW3 increases with the higher BR and ER because the pressure behind LSW3 increases.

The drag coefficient is saturated before REW reaches the pod. The saturated drag coefficient increases with the higher BR because the 
pressure in front of pod is higher. When REW reaches the pod, the drag coefficient decreases because the pressure across an expansion 
wave decreases. The rate of decreasing drag coefficient increases with the increase in BR because the minimum drag coefficient is similar 
regardless of blockage ratio. Therefore, the REW effect with the higher BR is significant.

In this study, the compressible flow phenomena and aerodynamic drag under sudden expansion and contraction of the tube were 
comprehensively analyzed. The results are expected to benefit the design of Hyperloop system by providing an understanding of the 
compressible flow effects. Furthermore, this study can aid the design of expanded zones considering the formation of shock wave.

6. Limitations

The idealized shape of the expanded zone was designed in the numerical simulations in order to focus on the general compressible 
flow phenomena. If the shapes are specified in the future, the analysis can contribute significantly to the development of the Hyperloop 
system. Additionally, the choked flow between the tube and the pod was assumed in the theoretical consideration. These assumptions 
are reasonable because the Hyperloop system is designed for transonic speed where the choked flow may occur. The choked flow at the 
entrance to the expanded zone was also assumed. This assumption limits the range of prediction of normal shock waves, and results in 
the relative errors between the prediction and simulation. In addition, the fully developed flow and generation of normal shock wave in 
the expanded zone were assumed. The normal shock wave cannot be generated for a shorter expanded zone. Therefore, the theoretical 
consideration is applicable for the expanded zone that generates the normal shock wave. Accordingly, the consideration of the choking 
range and length of the expanded zone in the theoretical prediction can improve the accuracy and generality. Another limitation is that 
our study analyzed the compressible flow phenomena during the pod movement at the entrance to the expanded zone. More specifically, 
the analysis of the compressible flow behaviors and aerodynamic characteristics can be useful for designing the sudden expansion and 
contraction space in the Hyperloop system when the pod moves in the expanded zone. However, our study focused on the compressible 
flow in the expanded zone when the pod moves in the primary tube. Therefore, the compressible flow phenomena and aerodynamic 
characteristics in the expanded zone and contraction tube should be analyzed in the future studies.
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