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A B S T R A C T   

This study investigated the variations in aerodynamic drag and the pressure wave effects caused by more than 
two pods operating in a Hyperloop tube. Three speeds, i.e., 100, 200, and 300 m/s, and two distances between 
two separate pods, i.e., 43 and 86 m, were simulated using SST k-ω turbulence model. The results indicate that 
drag of single- and multi-pod systems have similar tendencies that increase with increasing pod speed. For pod 
speed exceeding the critical Mach number, irrespective of the connectedness or separation of the pods, the last 
pod always experiences the highest drag. Otherwise, at lower speeds, the differences between the drag acting on 
each of the pods is negligible. The distance between two pods has a minor influence of less than 4% on the drag. 
The effects of two different pod shapes, i.e. rectangular and semicircular, on the drag of three connected pods are 
also small. The average drag per pod was calculated, and it was observed that when more pods were operated, 
the average drag reduced significantly. The operation of the connected-pod system creates a slightly lower drag 
than that of a separate-pod system.   

1. Introduction 

The Hyperloop concept was first introduced by Elon Musk in 2013 
and has since been garnering global attention. The principle of operation 
of the Hyperloop is based on the evacuated tube transportation (ETT) 
system proposed in a patent by Oster (1999) and refers to a magnetically 
levitated high-speed train that can travel at speeds of up to 1250 km/h in 
a near-vacuum tube. 

Given that trains operate at extremely high speeds within a tube, the 
aerodynamic characteristics of the Hyperloop system are more complex 
than those of traditional high-speed train-tunnel systems. The primary 
difference between the high-speed train-tunnel and Hyperloop systems 
is that the pods travel inside very-low-pressure tubes instead of oper-
ating under atmospheric conditions. The ideal tube pressure suggested 
by Musk and his team in the Hyperloop alpha documents is 1/1000 atm 
(or 101.325 Pa) (Musk, 2013); under this operating condition, the pods 
can achieve higher speeds with reduced aerodynamic drag. Aero-
dynamic drag is affected by the tube pressure/temperature, vehicle 
speed/length, and blockage ratio (BR = Apod/Atube ‒ ratio of the 

cross-sectional area of pod to that of the tube). Many studies have 
investigated the effects of the above factors on Hyperloop pods either in 
the steady state (Kang et al., 2017; Oh et al., 2019; Opgenoord and 
Caplan, 2018; Zhang, 2012) or unsteady state (Le et al., 2020; Sui et al., 
2020; Jiqiang et al., 2020). All previous studies have indicated that the 
aerodynamic drag increases with increase in tube pressures, pod speeds, 
and BRs. Moreover, the effects of tube temperature and pod length on 
aerodynamic drag are rather small. 

Another main difference between high-speed trains and Hyperloop 
pods concerns pressure waves. Many research groups have studied the 
propagation of pressure waves, i.e., the compression wave (CW), 
expansion wave (EW), and micro-pressure wave, for high-speed trains 
passing through tunnels (Choi and Kim, 2014; Chu et al., 2014; Huang 
et al., 2012; Niu et al., 2018a, 2018b, 2020; Wang et al., 2012; Yoon 
et al., 2001; Baron et al., 2001). The Hyperloop pods operating within 
tubes experience similar aerodynamic problems as those in train-tunnel 
systems. However, unlike the high-speed train-tunnel systems in which 
trains traverse in and out of tunnels, the pods move and stop inside the 
tube in the Hyperloop system. Hence, there is no micro-pressure wave 

* Corresponding author. Department of Mechanical Engineering and Department of Intelligent Energy and Industry, Chung-Ang University, 06974, Seoul, South 
Korea. 

E-mail addresses: giangletthanh95@cau.ac.kr (T.T.G. Le), kimjihoon95@cau.ac.kr (J. Kim), jks2620@cau.ac.kr (K.S. Jang), kslee@krri.re.kr (K.-S. Lee), jairyu@ 
cau.ac.kr (J. Ryu).  

Contents lists available at ScienceDirect 

Journal of Wind Engineering & Industrial Aerodynamics 

journal homepage: www.elsevier.com/locate/jweia 

https://doi.org/10.1016/j.jweia.2022.105024 
Received 15 September 2021; Received in revised form 8 February 2022; Accepted 29 April 2022   

mailto:giangletthanh95@cau.ac.kr
mailto:kimjihoon95@cau.ac.kr
mailto:jks2620@cau.ac.kr
mailto:kslee@krri.re.kr
mailto:jairyu@cau.ac.kr
mailto:jairyu@cau.ac.kr
www.sciencedirect.com/science/journal/01676105
https://www.elsevier.com/locate/jweia
https://doi.org/10.1016/j.jweia.2022.105024
https://doi.org/10.1016/j.jweia.2022.105024
https://doi.org/10.1016/j.jweia.2022.105024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jweia.2022.105024&domain=pdf


Journal of Wind Engineering & Industrial Aerodynamics 226 (2022) 105024

2

generation. In addition, the pod speeds within the Hyperloop system are 
much higher than those of traditional high-speed trains. When pods 
move at very high speeds within restricted spaces, the shockwaves 
produced can cause more complex aerodynamic characteristics. Zhou 
and Zhang (2020) investigated the aerothermal phenomenon of an ETT 
train and concluded that the normal shockwave (NSW) in front of the 
head car increases the temperature of the tube wall, whereas the EW of 
the tail car decreases the temperature of the tube wall gradually. Zhou 
et al. (Zhou et al., 2020) concluded that the strength of the EW increases 
with increasing BR, thereby lowering the temperature of the tail car. Le 
et al. (2020) studied the effects of pressure waves in the Hyperloop 
system and observed that the pressure magnitude of the NSW in front of 
the pod increases with increases in pod speed and BR. Jang et al. (2021) 
developed theoretical prediction methods for pressure propagation 
speed and aerodynamic drag based on quasi-one-dimensional assump-
tions; they also provided the classification criteria for three regimes 
according to the pod speeds in the Hyperloop, and extensively studied 
the CW, EW, NSW, and oblique shockwave (OSW) in their work. 

Aerodynamic drag is generally composed of pressure and friction 
drag components. Previous studies showed that the pressure drag 
component is more dominant compared with the friction drag (Kang 
et al., 2017; Oh et al., 2019; Le et al., 2020; Gillani et al., 2019). The 
variations in pressure drag are mostly the result of pressure differences 
between the nose and tail of a pod, which are respectively influenced by 
CW and EW generation. The CW intensifies the pressure in front of the 
pod, whereas the EW decreases the pressure behind the pod. From the 
critical Mach number, the OSW occurs near the tail pod and changes the 
flow field significantly. The pressure distribution and flow behavior of 
the multipod system are more complicated than those of a single-pod 
system. When more than one pod is operated in a Hyperloop tube, 
each pod generates its own CWs and EWs. The interactions between 
these waves can affect the aerodynamic characteristics of the pods, 
especially when well-developed shockwaves occur. A study by Oh et al. 
(2019) indicated that the choking phenomenon occurs at a speed of 180 
m/s for BR of 0.36 and increases drag dramatically. The presence of 
OSWs at the rear of the pod significantly reduces the pressure behind the 
pod. Zhou et al. (2020) conducted a computational fluid dynamics (CFD) 
study on a five-car ETT system and showed that the drag acting on the 
head car and three middle cars increase with increase in the Mach 
number. The tail car drag is strongly dependent on the EWs; when a 
well-developed shockwave occurs, the drag decreases with increase in 
the Mach number. 

Until now, most studies have only focused on the effects of various 
parameters on a single pod operating within a tube. The passenger- 
carrying capacity can be increased with multiple pods. Moreover, a 
fully functional Hyperloop system is not yet under operation. The 
design, timetable scheduling, and energy cost with respect to aero-
dynamic drag variations must be considered; hence, this study in-
vestigates the variations in aerodynamic drag and pressure waves for 
multiple pods operating within a Hyperloop tube. Determining the dis-
tance between two pods is a critical concern when designing a multipod 
system. Investigating the movements of the separate pods and under-
standing the pressure wave distributions may help predict safe distances 
between the pods. Furthermore, comprehensively understanding the 
variations in drag acting on each of the pods may provide clearer views 
of the energy costs necessary for operating the Hyperloop system. 

In this study, to examine the impact of the leading pod on the sub-
sequent ones, we simulated and compared the movements of two and 
three separate pods under three different pod speeds, i.e., 100, 200, and 
300 m/s. We applied a distance of 86 m (equal to twice the pod length) 
between any two pods. The aerodynamic drag and pressure wave effects 
acting on each pod were analyzed. Moreover, to evaluate the effects of 
the distance between any two pods, the operation of two pods separated 
by a distance of 43 m (equal to the length of one pod) was compared 
with that of pods separated by a distance of 86 m under the highest 
applied pod speed, i.e., 300 m/s. Additionally, we compared the 

operations of three pods separated by distances of 86 m as well as three 
connected pods with gaps of 1 m and having two different pod shapes 
under pod speeds of 300 m/s. We also investigated the effects of the 
number of connected pods on drag. The results of this study are expected 
to contribute toward further development of the Hyperloop system. The 
remainder of this paper is organized as follows: Section 2 introduces the 
details of the CFD simulations and verification. Section 3.1 explains the 
pressure wave behavior and shockwave generation for a single pod, 
while Sections 3.2 and 3.3 present the pressure wave variations and 
effects of pod speed on drag acting on two or three separate pods; Sec-
tion 3.4 considers the effects of distance between any two separate pods; 
Section 3.5 compares the drag of three connected and three separate 
pods and presents the influences of the pod shapes; Section 3.6 provides 
a discussion on drag reduction in multipod systems. Section 4 presents 
some conclusions from the main findings of this study. Section 5 lists the 
limitation and future plans of our study. 

2. Materials and methods 

2.1. Simulation details 

In consideration of the confined space within a tube and a Mach 
number exceeding 0.3, the compressibility of air cannot be neglected. 
Thus, in this study, air is assumed as a compressible ideal gas. The 
Sutherland law, which assumes that viscosity varies only by temperature 
and is independent of pressure, was applied. Note that in this study, the 
tube and pod walls were assumed to be smooth and straight, and there 
was no application of a vacuum pump. Under isentropic assumption, the 
speed of sound was calculated as c =

̅̅̅̅̅̅̅̅̅
γRT

√
, where γ = 1.4 is the ratio of 

specific heat and R = 287.058 J/kg∙K is the individual gas constant. 
The governing equations are the continuity, Navier–Stokes, and en-

ergy equations, which describe the conservation of mass, momentum, 
and energy, respectively. 
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i, j, k = 1, 2, 3  

where ρ, u, P, T and μ are the fluid density, velocity, pressure, tem-
perature, and viscosity, respectively; E is the specific internal energy, 
and keff and μeff are the effective thermal conductivity and dynamic 
viscosity, respectively. 

The ANSYS Fluent 18.1 software was used with the shear stress 
transport (SST) k-ω model and density-based implicit solver to solve the 
governing equations. Roe’s flux difference scheme was chosen for spatial 
discretization. The flow, turbulent kinetic energy, and specific dissipa-
tion rate were discretized using the second-order upwind scheme. The 
first-order implicit scheme was used for the time integration term. The 
maximum number of iterations per time step was set as 20 to achieve a 
residual convergence of 10− 4. For initialization, the pressure and tem-
perature were set as 101.325 Pa and 300 K, respectively. 

The Reynolds number Re is defined as follows: 

Re=
ρvpdh

μ (4) 
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where ρ is the density of air, vp is the pod speed, μ is the viscosity, and dh 
(= dtube − dpod) = 2 m is the hydraulic diameter. In this study, the Rey-
nolds number was varied from 12,752 to 38,256, which is considered as 
fully turbulent flow. Presenting a real turbulent flow and accurately 
evaluating the turbulent behaviors would be costly in terms of time and 
data. Direct numerical simulation (DNS) and large eddy simulation 
(LES) therefore provide good approaches for analyzing complex turbu-
lent flows; however, they incur large computational costs (Moin and 
Mahesh, 1998; Ryu et al., 2014; Ryu and Livescu, 2014). The 
Reynolds-averaged Navier–Stokes (RANS) is the most common and 
practical approach for solving turbulent flows in industrial applications 
(Loureiro et al., 2021) because of its efficiency in CFD simulations 
(Khayrullina et al., 2015; Niu et al., 2018c). The standard k-ω model is 
good at predicting the flow near the wall, and the standard k-ε model is 
more suitable for studying the free-shear layer and wake region. In this 
study, the SST k-ω model combining the advantages of the standard k-ω 
and k-ε models was applied. The SST k-ω model has been noted to 
enhance the predictability and accuracy of transonic shockwave analysis 
(Menter, 2906; Menter, 1994; Niu et al., 2019); it has also been used 
generally to simulate high-speed objects (Le et al., 2020; Sui et al., 2020; 
Chu et al., 2014; Niu et al., 2018a, 2019; Hruschka and Klatt, 2019; Liu 
et al., 2019; Zhou et al., 2019). 

2.2. Computational domain 

Previous studies have shown that in terms of the investigation of the 
aerodynamic drag and pressure wave propagations, the 2D axisym-
metric model provides sufficient results for Hyperloop simulations with 
an idealized semicircular shape (Oh et al., 2019; Le et al., 2020; Sui 
et al., 2020; Zhou and Zhang, 2020). Moreover, a 2D model incurs a 
lower computational cost than a three-dimensional (3D) model. CWs 
and EWs are generated and propagate inside the tube during pod 
operation; if these waves reach the outlet boundaries, reflected pressure 
waves are created even when using the nonreflected option and may 
affect the numerical results. Hence, to avoid reflection of the pressure 
waves, the tube should be sufficiently long. For multipod operation, 
longer simulation times are required to obtain stationary drag values, 
which also requires the tube to be very long. Given all the aspects of 
computational memory and time necessary for unsteady-state simula-
tions, it was not possible to apply 3D simulations in this study; thus, we 
chose a 2D axisymmetric model. Moreover, the low computational cost 
allows us to study the effects of various parameters comprehensively. 

In a previous study, we provided the calculations for pressure wave 
propagation for the operation of a single pod (Le et al., 2020). The 
average propagation speed is calculated by the ratio of the pressure 
wave displacement to corresponding simulation time as follows: 

vs =
Δs
Δt

(5)  

where Δs is the displacement in the axial direction from the pressure 
distribution along the centerline of the tube, and Δt is the simulation 
time corresponding to Δs. 

For a single pod operated at a speed of 300 m/s and BR of 0.36, the 
propagation speeds for CW and EW are approximately 442 m/s and 346 
m/s, respectively (Le et al., 2020). Based on the results of CW and EW 
propagation speeds for a single pod, the distances from the first and last 
pods to the outlet boundaries, i.e., L1 and L2, respectively, were designed 
to be sufficiently long such that the CWs and EWs propagate fully 
without reflection at the outlet boundaries at the end of the simulation 
time, i.e., 3.0 s for the operation of two separate pods and three con-
nected pods or 4.0 s for the operation of three separate pods. The 
computational geometries of the pods are shown in Fig. 1 and Fig. 2, 
with L1 = 1550 m and 2000 m, L2 = 1230 m and 1590 m for the op-
erations of two and three separate pods, respectively. For connected 
pods, L1 = 1340 m and L2 = 1090 m. The length and diameter of each 
pod were set as 43 m and 3 m, respectively. In this study, the BR was 
fixed at 0.36, and the diameter of the tube was derived as 5 m. The 
distance between consecutive pods was fixed during the simulation. To 
investigate the effects of the distance between any two separate pods, 
two different distance values were chosen, i.e., Ld = Lpod = 43  m and 
Ld = 2× Lpod = 86  m. In the case of three connected pods, the pods 
were connected with gaps of 1 m. 

2.3. Meshing 

2.3.1. Meshing method 
One of the challenges in conducting simulations for Hyperloop pods 

or high-speed trains is the application of a moving boundary. There are 
some general methods for simulating the movements of objects: layering 
and dynamic adaptive method (Huang et al., 2012; Zhou and Zhang, 
2020; Deng et al., 2020; Liu et al., 2018), sliding mesh (Sui et al., 2020; 
Chu et al., 2014; Chen et al., 2017), and dynamic overset mesh (Le et al., 
2020; Hu et al., 2021; Yao et al., 2020). In this study, the dynamic 
overset mesh method was adopted. The moving overset mesh method 
offers many advantages over the traditional dynamic mesh. First, 
cell-to-cell overlapping/mapping between two disconnected meshes 
enables efficient simulation time and avoids generation of poor cells by 
auto-remeshing of the traditional dynamic mesh. Second, the overset 
mesh consists of two or more independent overlapping cell zones, and 
these zones do not need to be aligned with each other, thereby making it 
easier to replace the parts of the mesh. 

In this study, the ANSYS ICEM 18.1 package with a hexahedral type 
was chosen for generating the computational grid. Fig. 3 describes the 
computational mesh in the case of operation of two separate pods with 

Fig. 1. Computational domains for the operations of (a) two separate pods and (b) three separate pods. The nose and tail of each pod were assumed to have 
semicircular shapes. 
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Ld = 43 m. The mesh density in this figure was scaled down by a factor of 
10 compared with the original mesh. The mesh is composed of two parts, 
namely the background zone representing the tube mesh and component 
zones representing the pod meshes. Each pod has separate moving 
zones, as shown in Fig. 3, except in the case of the three connected pods 
that has only one moving zone; the two pod meshes have the same mesh 
densities and are created independently. After creating these two parts, 
ANSYS Fluent automatically performs the necessary overlap and con-
nectivity between the meshes. The cells are deactivated called dead 
cells; donor cells provide data; receptor cells receive the information 
interpolated from the donor cells; the cells where the flow values are 
solved represent the solved cells. The receptor cells receive data from the 
overlapping donor cells and are interpolated as follows (Khaware, Sri-
kanth, Gupta; Fluent, 2015): 

φh =
∑Nd

i=0
wiφi (6)  

where w is the interpolation weight, φ is the solution variable, and Nd is 
the number of donor cells. 

Fig. 4a describes the initial generation of the overset mesh used in 
this study. After the overset process, the unused cells are removed, and 
the remaining cells are established as the solved cells (Fig. 4b). 
Considering the effects of viscosity and boundary layer, finer meshes 
were created near the pods and tube walls. The initial first high cell near 
the pod surface and tube wall is approximately 0.001 m to allow y+ less 
than 5. Fig. 4c shows the variation of y+ along the pod surface; in this 
study, y+ < 1. The mesh independence is presented in greater detail in 
the next section. 

2.3.2. Reference case and grid independent test 
The operation of a single pod is used as the reference for comparing 

the drag acting on each pod in a multipod system. The results of the 
reference case were adopted from Le et al. (2020), which also provides 
the validation for the numerical method. To verify the CFD results, a 

Fig. 2. (a) Computational domain for the operation of three connected pods. (b) Two models of the connected pods are chosen for the investigation. Model 1 
(rectangular shape): the nose and tail of each pod (except the nose of the first pod and tail of the last pod) were designed to have flat ends with rounded corners 
having a radius of curvature of 0.25 m to avoid the effects of sharp angles; Model 2 (semicircular shape): the nose and tail of each pod were assumed to have a 
semicircular idealized shape. The distance between two consecutive pods was Ld = 1 m. 

Fig. 3. Computational mesh for the case of two separate pods operated with Ld = 43 m. The mesh density in this figure is scaled down by a factor of 10 compared to 
the original. 

Fig. 4. Computational mesh: (a) Schematic of overset mesh. (b) Solved mesh after initialization. (c) Variation of y+ along the pod surface for a single pod operating at 
a speed of 300 m/s. The mesh density in this figure has been scaled down by a factor of 10 compared to the original. 
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grid-independent study was conducted by comparing the aerodynamic 
drags and pressure waves of three different pod meshes. For the back-
ground mesh, the mesh density applied was the same as that in our 
previous study (Le et al., 2020). Note that the size of the background 
mesh (tube mesh) has a slight effect on the results. Thus, only the 
component mesh (pod mesh) was used in the independent mesh test. 

Fig. 5 describes the geometry and boundary conditions used for the 
mesh sensitive study. A single-pod case with a moving zone of 63 m 
wherein the pod is placed in the middle and the background mesh is 893 
m is used. The forward distance L1 and backward distance L2 were long 
enough such that the pressure wave cannot reach the outlet boundaries 
in 1 s, i.e., L1 = 460 m, L2 = 360 m; a pressure outlet of 101.325 Pa was 
applied. The most complex case with the highest speed was chosen for 
the sensitivity study. Thus, simulations were performed for a pod speed 
of 300 m/s in 1 s with a time step of 5e− 5 s. 

Table 1 presents the detailed parameters used for the mesh inde-
pendence test. Three different meshes were compared, i.e., mesh 1- 
coarse (328,258 nodes), mesh 2-medium (405,026 nodes), and mesh 
3-fine (620,058 nodes). A tube mesh with 690,400 nodes was used. The 
difference in drag between meshes 1 and 2 was 0.15%, while that be-
tween meshes 2 and 3 was only 0.08%. In addition, the difference in 
nose pressure between meshes 2 and 3 is smaller than that between 
meshes 1 and 2, i.e., 0.43% and 0.98%, respectively; similarly, the 
corresponding differences are 0.18% and 0.61% for the tail pressure. 
Fig. 6 and Fig. 7 show the pressure contours behind the pod and the 
pressure distributions along the centerline and pod surface at t = 1 s. 
There was a negligible difference between meshes 2 and 3. Hence, mesh 
2 was chosen as the final mesh. The other cases were applied with the 
same mesh density. Thus, for Ld = 86 m, the total number of nodes were 
3,831,078 and 2,890,052 for operating the three and two separate pods, 
respectively. For the operation of the three connected pods, the total 
number of nodes was 2,982,952. 

2.4. Boundary conditions 

Fig. 8 provides information on the boundary conditions for simu-
lating the operations of two separate pods. Three pod speeds of 100, 200, 
and 300 m/s were adopted for these evaluations. Entire zones that 
contain pods move at the same constant speed in the reversed x-direc-
tion. To maintain the low-pressure condition and present a very long 
tube, the outlet boundaries were treated as pressure outlets with a fixed 
pressure of 101.325 Pa (1/1000 atm) each. The boundary conditions for 
the other cases are based on this setup. 

Note that in this study, the pods instantly started moving at a con-
stant speed without acceleration. When a pod operates with enough time 
for the flow to fully develop and achieve stable drag, a gradual increase 
to a constant speed or an instantaneous start at a constant speed do not 
affect the results. Furthermore, the cost of CFD simulations would in-
crease owing to the lengthy simulation time. Hence, acceleration and 
deceleration were neglected in this study. 

In this study, we performed the simulations until the CW of the last 
pod crossed the entire first pod, and the drag achieved a stationary 
value. The first second of operation was simulated with a time step of 
5e− 5 s to comprehensively investigate the pressure wave interactions. 
Subsequently, a time step of 1e− 4 s was applied for the entirety of the 
remaining simulation time. Appendix A presents the relationship be-
tween drag and time, which indicates that the drag for the chosen time 

tends to stabilize after a large variation. 

2.5. Verification 

2.5.1. Turbulence model verification 
The wind tunnel tests by Stine and Wanlass (1954) have previously 

been used in many studies for numerical verifications (Sui et al., 2020, 
2021; Niu et al., 2019); the hemispherical model used in their experi-
ments is similar to that used for the nose of our current Hyperloop pod. 
In addition, our study presents simulations with a 2D axisymmetric 
model, which is consistent with the conditions of the wind tunnel tests. 
Thus, the wind tunnel test with the hemisphere model is suitable for 
verifying the reliability of the proposed numerical method to capture the 
flow around the pod surface. To ensure consistent conditions in the 
experiments, the stationary hemisphere was simulated with a Mach 
number of 1.97 and stagnation temperature of 317.8 K. Further, the 
moving hemisphere was simulated and compared with the stationary 
hemisphere in the experiments. The computational domain and 
boundary conditions are described in Fig. 9a–b. The moving zone travels 
at a speed corresponding to the Mach number of 1.97. The numerical 
details are identical to those described in Section 2.1. Three turbulence 
models, namely the standard k-ε, standard k-ω, and SST k-ω models, 
were compared for the pressure coefficients cp = (p − p0)/(0.5ρv2), 
where cp is the pressure coefficient, po is the initial pressure, and ρ and v 
are the air density and pod speed, respectively. 

As seen in Fig. 9c, there is good agreement between the simulated 
and experimental results. The moving model shows a small difference 
with the stationary one. Moreover, the differences between the three 
models are very small. However, among our applied turbulence models, 
the SST k-ω shows the most consistent results with the experimental data 
of Stine and Wanlass (1954) than the other two models. 

Although comparisons with the wind tunnel tests by Stine and 
Wanlass (1954) indicate that our numerical method is sufficient for 
analyzing the flow around the pod, the data for the wake region behind 
the hemisphere are not provided in their work (Stine and Wanlass, 
1954). Therefore, the experiments on rectangular hypersonic isolators 
by Li et al. (2017) are chosen to verify the ability to capture the wake 
region of our numerical method. The experiments for hypersonic flow 
were carried out at the Harbin Institute of Technology (i.e., Mach 
numbers from 1.85 to 4.9). Fig. 10a–b describe the geometry and mesh 
for the numerical simulations. The domain contains an entrance section 
with uniform flow and an isolator test section. A wedge of height 2 
height and an angle of 14◦ is placed immediately in front of the test 

Fig. 5. Computational domains and boundary conditions for grid-independent test.  

Table 1 
Detailed parameters of the grid independence test (for pod mesh); a tube mesh of 
690,400 nodes is used.   

Mesh 1 Mesh 2 Mesh 3 

Number of nodes 328,258 405,026 620,058 
First cell thickness 0.001 0.001 0.001 
Prism layer (growth rate) 24 (1.1) 26 (1.1) 28 (1.1) 
Average y plus 0.573 0.614 0.656 
Drag (difference) 1051.46 N 

(0.15%) 
1049.89 N 
(0.08%) 

1049.05 
N 

Average nose pressure 
(difference) 

179.49 Pa 
(0.98%) 

176.74 Pa 
(0.43%) 

175.98 Pa 

Average tail pressure 
(difference) 

49.24 Pa 
(0.61%) 

48.94 Pa 
(0.18%) 

49.02 Pa  
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section as a shock generation source. The behavior of the shock train 
along the 320 mm test section is captured by a Z-type Schlieren system. 
Fig. 10a also shows the boundary conditions, with a pressure far field of 
Mach number 1.85, pressure of 37,510 Pa, and temperature of 182 K 
being set as the inlet condition. The outlet was treated as a pressure 

outlet boundary. No-slip adiabatic walls were applied to all the top, 
bottom, and wedge walls. As can be seen in Fig. 10c, the flow structure 
obtained by numerical simulation is generally consistent with the 
experimental one. The gaps between the data from numerical simula-
tions and experiments are first attributed to the sealing condition be-
tween the wind tunnel and test section, which is not accounted for in the 
simulation; second, the experimental model is 3D, while the simulations 
are performed in 2D. Moreover, the shockwave patterns obtained by our 
simulations are very similar to the experimental data captured by the 
Schlieren images (as shown in Fig. 4b – reference (Li et al., 2017)). 
Therefore, our numerical method provides sufficient accuracy to study 
the aerodynamic characteristic inside the tube. 

2.5.2. Comparison with 3D simulation 
Table 2 compares the drag and maximum pressure for the 2D 

axisymmetric and 3D simulations for a single pod. The simulation details 
are identical to those mentioned in Section 2.2. There is good agreement 
between the compared results, with a difference of less than 1%. Fig. 11 
shows that in terms of pressure distribution, the highest difference is 
observed at the rear of the pod, where the oblique shockwaves occur. 
However, even the 3D results show earlier oblique shockwave locations 
compared with the 2D results, with the patterns/shapes of the oblique 
shockwaves being similar. Hence, the 2D axisymmetric model applied in 
this study is suitable for capturing the pressure distribution and 
shockwaves. 

Fig. 6. Pressure contours of the shockwaves behind a pod for three different meshes. A reference case of a single pod operating at a speed of 300 m/s was chosen for 
the grid-independent test. Meshes 2 and 3 show similar responses. Hence, mesh 2 with 405,026 nodes was chosen. The other cases were applied using the same mesh 
density. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Grid-independent test: pressure wave distribution along the centerline 
of the tube and pod surface at t = 1 s for the three different meshes. Red-dashed 
lines refer to the pod position. There was negligible difference between meshes 
2 and 3. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 8. Boundary conditions for the simulation. The case of operation of two separate pods is shown. The other cases have the same setup.  

Fig. 9. Computational domain and boundary conditions used for the wind tunnel tests. (a) Stationary hemisphere. (b) Moving hemisphere. (c) Comparisons with the 
experimental data of Stine and Wanlass (Stine and Wanlass, 1954). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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3. Results and discussion 

3.1. Flows in the Hyperloop system: pressure wave behavior of a single 
pod 

To the best of our knowledge, the movement of a pod inside a 
Hyperloop tube generates CWs and EWs. The CWs increase the pressure 
ahead of the pod, whereas the EWs decrease the pressure behind the 
pod. Jang et al. (2021) comprehensively studied the pressure wave be-
haviors in a Hyperloop system; based on the theoretical relationship 
between the converging-diverging (C-D) nozzle and 
quasi-one-dimensional assumption, they predicted the pressure propa-
gation speed and aerodynamic drag of the Hyperloop pod. Their study 
indicated that the CW in front of the pod develops into an NSW, then 
propagates and leads the pod; hence, it is named as leading shockwave. 
Meanwhile, when the pod speed exceeds the critical Mach number (Mcr), 
the OSW and trailing shockwave occur behind the pod. The authors also 
divided the flow in the Hyperloop into three regimes according to pod 
speeds. Regime 1 includes pod speeds of 100 m/s to 170 m/s; regime 2 
consists of pod speeds of 180 m/s to 230 m/s; pod speeds of 240 m/s to 

350 m/s are assigned to regime 3. 
When the pods move within the tube, owing to the changes in area 

caused by the pod shapes, the flow in the Hyperloop is expected to be 
similar to that of a C-D nozzle with a slight difference owing to the 
geometrical and asymmetric conditions between the pod and tube walls 
(Jang et al., 2021). A previous study by Oh et al. (2019) concluded that a 
BR of 0.36 produces the Mcr at a pod speed of 180 m/s (Mcr = 0.52), 
which is higher than the Mcr calculated using the one-dimensional 
isentropic assumption (Mcrisentropic = 0.41): 

Atube

Atube − Apod
=

1
M

{
1 + [(γ − 1)/2]M2

1 + [(γ − 1)/2]

} γ+1
2(γ− 1)

(7)  

where Atube and Apod are the cross sections of the tube and pod, respec-
tively; M is the Mach number of the flow. 

In this study, three specific pod speeds were analyzed. The selection 
of pod speeds was based on Mcr. Regarding Eq. (7), M has two solutions, 
where one is in the subsonic range and the other is in the supersonic 
range. Fig. 12 presents the distributions of Mach number and pressure 
behind a single pod for three different pod speeds. Here, 100 m/s refers 
to regime 1, where the pod speed is lower than Mcr and flow is subsonic; 
there is no occurrence of OSW behind the pod. A speed of 200 m/s refers 
to regime 2, where the pod speed reaches Mcr but the flow does not fully 
accelerate (or local Mach number of flow (M) does not reach the su-
personic solution in Eq. (7)); the occurrence of the OSW is small. A speed 
of 300 m/s refers to regime 3, where the flow is fully accelerated (or M 
reaches the supersonic solution in Eq. (7)), and the occurrence of the 

Fig. 10. Validation with rectangular hypersonic isolators. (a) Computational domain and boundary conditions. (b) Grid around the wedge and walls. (c) Comparison 
with experimental data by Li et al. (Li et al., 2017). 

Table 2 
Comparison between the 2D axisymmetric and 3D simulations.   

2D axisymmetric 3D Difference (%) 

Drag (N) 1057.35 1067.55 0.95 
Maximum pressure (Pa) 205.19 206.21 0.49  
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OSW is distinguishable. 
Regardless of the pod speed, the NSW developed from the CW is 

generated in front of the pod and moves forward with the movement of 
the pod, thereby creating a high-pressure region (Le et al., 2020). Note 
that unlike an open space where shockwaves are generated under su-
personic conditions, in a confined space, shockwaves can occur even in 
subsonic conditions (Jang et al., 2021; Zhou et al., 2019; Anderson, 
1990; Takayama et al., 1995; Sasoh et al., 1994). Fig. 13a shows that the 
CW in the open space propagates in all directions. Thus, the CW speedily 
dissipates over time owing to substantial loss of energy. In contrast, as 
the object moves in a confined space, the propagation of CW is 
restricted. In this case, the energy loss is smaller than that in an open 
space; hence, the CW does not dissipate easily. For the movement of a 
pod in a tube with a high BR, as shown in Fig. 13b, owing to the 
restricted space of the tube walls, CWs cannot fully expand as in the open 

space. Thus, a part of the CWs continue to propagate forward, while 
other portions are reflected downward between the tube and pod walls. 
These reflected waves contribute to the formation of the shockwaves. 

Fig. 13c depicts the formation of the NSW in front of the pod by the 
pressure contour. As the pod starts moving, a bow CW is generated. 
Because the acceleration is not taken into account in this study, the bow 
CW occurs ahead of the pod rapidly (t = 0.0015 s) (Zhou et al., 2019); 
this bow CW expands to the tube walls (t = 0.00275 s) and becomes 
more inclined over time. Moreover, owing to the high BR condition, 
some reflected waves occur between the tube and pod walls (t = 0.01 s). 
As the pod continues to move, these reflected waves move forward with 
the movement of pod and are absorbed by the bow CW in the front, 
resulting in the formation of the NSW. Previous studies have claimed 
that shockwaves critically affect the variations of aerodynamic drag, 
thereby affecting passenger comfort (Kang et al., 2017; Oh et al., 2019; 

Fig. 11. Comparison between the 2D 
axisymmetric (current simulation model) 
and 3D simulations. (a) Pressure distribution 
along the pod surface; the red dashed line in 
the 3D model shows the line along which 
pressure is obtained, and Lpod is the pod 
length. (b) Pressure distribution along the 
tube axis at the rear of the tail pod, where L2 

is the distance from tail pod to the outlet. (c) 
Pressure contour at the rear of the tail pod 
with the oblique shockwaves captured dur-
ing 3D simulations at an earlier location 
showing similar responses/statures. These 
results indicate that the 2D axisymmetric 
model is applicable in this study. (For inter-
pretation of the references to colour in this 
figure legend, the reader is referred to the 
Web version of this article.)   

Fig. 12. (a) Mach number and (b) pressure distributions behind a single pod with respect to pod speed. Three specific pod speeds are presented: 100 m/s refers to the 
regime where pod speed is lower than Mcr ; 200 m/s refers to the regime where pod speed reaches Mcr but flow does not fully accelerate and the occurrence of the 
oblique shockwave (OSW) is small; 300 m/s refers to the regime where OSW strongly occurs and flow fully accelerates. 
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Le et al., 2020; Sui et al., 2020; Gillani et al., 2019; Braun et al., 2017; 
Kim et al., 2011). Understanding the occurrence of shockwaves gener-
ated by single pods is helpful to understand drag variations in multipod 
systems. 

3.2. Pressure wave variations in a multipod system 

Similar to single-pod operation, multipod operation also experiences 
similar flow behaviors in front of and behind each pod before interac-
tion. However, after interaction, the operation of multiple pods gener-
ates more complex pressure wave distributions than that of a single pod. 
Fig. 14 presents an overview of the pressure wave propagation induced 
by a multipod tube system to understand the variations in drag during 

the simulation time. The case of the operation of three separate pods is 
presented. When the pods start moving, each pod generates its own CWs 
and EWs, as shown in Fig. 14a. When these two waves suddenly interfere 
with each other (Fig. 14b), the interactions between the two waves 
decrease the intensities of the EWs and CWs. As these pods continue 
moving, all CWs will be compressed in front of pod 1, and all EWs will 
coalesce behind pod 3 (Fig. 14c). The pressure interactions vary the drag 
acting on each of the pods (Figure A1). Detailed explanations of this will 
be presented in the following paragraphs. 

To comprehensively understand the flow behaviors of multiple pods, 
Figs. 15–17 show the Mach number contours, pressure contours, and 
pressure distributions of three separate pods operating at a speed of 300 
m/s (Ld = 86 m) for different simulation times. Fig. 16a shows that a 

Fig. 13. Propagation of the compression wave (CW) for subsonic speed in (a) open space and (b) pod-tube system. The time instances t1, t2, t3, and t4 denote the 
different spatial times in the order t1 < t2 < t3 < t4. The black dot represents the source of the CW. The arrows represent the object’s movement direction. (c) Pressure 
contour in front of a pod according to simulation time for the case of a single pod operating at a speed of 300 m/s (M = 0.86). At t = 0.0015 s, the bow CW is 
generated; as the pod continues to move, this CW becomes more inclined and then forms the NSW. 

Fig. 14. Schematic of pressure wave propagation when three separate pods operate in a Hyperloop tube. The red arrows refer to the compression wave (CW), blue 
arrows refer to the expansion wave (EW), and the pod moves from the right-hand side to left-hand side. (a) Pods start moving, and CWs and EWs propagate ahead of 
and behind the pod, respectively. (b) In the interaction region, the two waves meet and pass through each other. (c) After a certain time, CWs of pods 2 and 3 pass 
through pod 1 and are maintained in front of pod 1, increasing the pressure in front of pod 1. Meanwhile, EWs of pods 1 and 2 pass through pod 3 and are maintained 
behind pod 3, reducing the pressure behind the pod. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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high-pressure region and OSWs appear in the front and rear of each pod, 
respectively. At t = 0.2 s, interactions start to occur between pods 1 and 
2 as well as pods 2 and 3 (Fig. 16b). This suddenly reduces the pressure 
in front of pods 2 and 3, resulting in an abrupt decrease in the drag 
acting on these pods (Figure A.1). 

As the pods continue to move, the CWs and EWs continue to prop-
agate. When the CWs meet the tail of the leading pod, the pressure 
behind that pod is increased. To satisfy the conservation of mass, the 
velocity behind the pod and those in the gaps between the pods and tube 
walls decrease; this condition dismisses the choked flow causing the 
disappearance of the OSW, resulting in an increase in the tail pressure. 
Hence, at t = 0.6 s, we observe a sudden drop in the drag acting on pod 2 
owing to the interaction of CW3 with the tail of pod 2. However, at the 
same time, CW2 has not reached the tail of pod 1 (as shown in Figs. 16c 
and 17a–d), resulting in the drag acting on pod 1 not being reduced. This 
is because at t = 0.6 s, EW1 and EW2 have already passed through pod 3 
(Fig. 17e and f) and accelerate the pressure propagation speed of CW3. 
Otherwise, CW2 only benefits from EW1. Note that pod 3 experiences the 
second drop in drag at t = 0.4 s owing to the influence of EW1, which 
reaches the nose of pod 3, decreasing its nose pressure and resulting in a 
decrease in the drag acting on pod 3. 

At t = 0.7 s, the drag acting on pod 1 is suddenly reduced owing to 
the interactions between CW2 and the tail of pod 1 (Fig. 16d). From t =
2.0 s, the variations in aerodynamic drag tend to be stable. After this 
interaction, the pressure in front of pod 1 is higher than those in front of 
pods 2 and 3 (Fig. 16e). Moreover, the tail pressure of pod 3 is lowest 
owing to the presence of the OSW. Thus, the magnitudes of the pressures 
in the front and rear are in the descending order of pod 1 > pod 2 > pod 
3. Additionally, the pressure difference between the nose and tail is in 
the ascending order of pod 1 < pod 2 < pod 3. Hence, this explains why 
pod 1 has the lowest drag and pod 3 has the highest drag. However, this 
difference is only observed well at speeds exceeding the critical Mach 

number, i.e., 200 and 300 m/s. The next section provides more details 
on the variations in the pressure differences with respect to pod speeds. 

3.3. Effects of pod speed on the drag of separate pod operation 

Unlike train cars, Hyperloop pods are not physically connected, 
which allows the individual pods to have different destinations. Hence, 
this section presents the investigation of variations in aerodynamic drag 
for two or three separate pods traveling through a Hyperloop tube. As 
shown in Fig. 18, for increasing pod speed, the drag acting on each pod 
increases, especially for the last pod (i.e., pod 2 in the case of operation 
of two separate pods and pod 3 in the case of operation of three separate 
pods), which shows a dramatic increase. The increase in drag for the first 
pod (i.e., pod 1 for two or three separate pods) is the smallest with 
increasing pod speeds. 

When more than one pod is in operation, the last pod always receives 
the highest drag. These drag values are similar to those of the reference 
case in which only a single pod is in operation. On the other hand, the 
first pod always experiences the lowest drag. In the case of operation of 
three separate pods, the middle pod achieves a similar drag as that of the 
first pod. At a pod speed of 300 m/s, the drag acting on the last pod is 
approximately three times those on the two other pods. At a pod speed of 
100 m/s, the difference in drag between these pods is negligible. 

The increase in aerodynamic drag is mostly caused by the increase in 
pressure drag, which is dependent on the pressure difference between 
the nose and tail of the pod. Fig. 19 shows the pressure difference be-
tween the nose and tail of each pod in relation to pod speed. The value of 
the pressure is obtained in the last time step, i.e., at t = 4 s for the three 
separate pods and t = 3 s for the two separate pods. Note that at a lower 
speed, i.e., 100 m/s, the pressure difference for each pod is insignificant. 
At higher speeds, i.e., 200 and 300 m/s, this pressure difference is 
considerable, especially for the last pod. 

Fig. 15. Mach number contour behind pod 1 over the simulation time. The case of three separate pods operating at a speed of 300 m/s is shown. The right-hand side 
figures show the Mach number distributions along the centerline (black straight line). (a) At t = 0.2 s: OSW appears behind pod 1, (b) at t = 0.6 s: CW2 gradually 
pushes the OSW behind pod 1, (c) at t = 0.7 s: CW2 continues propagating and reduces the velocity of flow; thus, the choked flow occurring in the gaps between the 
pods and tube walls are dismissed, and the OSW behind pod 1 is dispersed. 
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Previous studies show that for single pods operating in the Hyperloop 
system, as the pod speed increases, the pressure at the nose of the pod 
increases owing to the CW, while the EW causes the pressure at the tail 
of the pod to decrease (Le et al., 2020; Jang et al., 2021). For operation 
of multiple pods, only the last pod experiences a decrease in tail pres-
sure. This is because there are no pods behind the last pod; hence, there 
are no large interactions between the CWs and EWs that change the flow 
field significantly. Meanwhile, in front of the last pod, even though the 
CW merges with EWs, the pressure remains higher than that behind the 
pod. This large pressure difference results in the highest drag on the last 
pod. Contrastingly, the leading pods witness increases in both nose and 
tail pressures that result in small differences in pressure between the 
noses and tails of the pods. 

As noted in Section 3.1, when the pods operate at speeds higher than 
Mcr, where choked flow occurs, OSWs occur behind each pod and reduce 
the pressure at the tail. The dismissal of choked flow and hence the 
disappearance of the OSWs when the CWs meet the tail of the leading 
pod cause large increases in pressure behind each of the pods. However, 
at a speed below Mcr, choking does not occur; hence, when the CWs 
interact with EWs and then the tail pods, such that the effect on tail 
pressure is insignificant. In other words, at speeds exceeding Mcr, there 
are significant differences in drag acting on each of the pods owing to the 
occurrence of OSWs. Appendix B presents the pressure contours of two 
and three separate pods with respect to pod speed. 

3.4. Effects of distance between two separate pods 

The multipod system may be considered as a new problem so that 
deciding a safe distance between the pods is a challenge. Hence, in-
vestigations on the effects of distance between two separate pods (Ld) on 
the aerodynamic drag are necessary. In this study, two separate pods 
were simulated with two different Ld and three different pod speeds. The 
comparison of drag with respect to distance change is shown in Fig. 20. 

A decreasing Ld means that the EW of pod 1 meets the nose of pod 2, 
and the CW of pod 2 meets the tail of pod 1 at an earlier time. As 
mentioned above, the interactions of these pressure waves were origi-
nally considered as initial transients. Hence, interactions that occur 
sooner or later do not strongly influence the estimation of aerodynamic 
drag after the interaction. Fig. 20 indicates that the influence of Ld on 
drag acting on pods 1 and 2 was low at less than 4%. Appendix C de-
scribes the pressure contours of the two different Ld values for a pod 
speed of 300 m/s; it is observed that there is an insignificant difference 
between them. 

Note that in this study, we only investigated two different values of 
Ld. These distances may be considered short for a multipod system; 
however, the major problem in the operation of two separate pods is the 
interactions between the CWs and EWs. As mentioned above, these in-
teractions vary the aerodynamic drag. Regardless of higher Ld, after a 
certain time, these waves will meet and cause the same effects on the 
pod. Hence, we expect that longer distances between two separate pods 

Fig. 16. Pressure contours in the case of three separate pods operating at a speed of 300 m/s with Ld = 86 m at (a) t = 0.1 s, (b) t = 0.2 s, (c) t = 0.6 s, (d) t = 0.7 s, 
and (e) t = 2.0 s. Subfigures show the magnified views of the pressure contours between pods 1 and 2. At a pod speed of 300 m/s, shockwaves appear at the rear of 
each pod. At t = 0.2 s, the incident EW of pod 1 meets the incident CW of pod 2, and pressure perturbation occurs by the interaction of the two waves, which results in 
a decrease in pressure in front of pod 2. The same phenomenon occurs between pods 2 and 3. For t = 0.2–0.6 s, pods 2 and 3 push the air before them (pod 1–pod 2/ 
pod 2–pod 3), and the shockwaves behind pods 1 and 2 begin to vanish. At t = 0.6 s, the CW of pod 3 meets the tail of pod 2, reducing the drag acting on pod 2. At t =
0.7 s, the CW of pod 2 meets the tail of pod 1, reducing the drag acting on pod 1. From t = 2.0 s, the CWs of pods 2 and 3 have already passed through pod 1. 
Meanwhile, the EWs of pods 1 and 2 have also passed through pod 3. 
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will have the same tendencies for drag variation. 

3.5. Comparison of operations of three connected and three separate pods 

This section presents the investigation of variations in the drag of 
three connected and separate pods. Two different pod shape models 
were chosen for this analysis. The details of the two models are shown in 
Fig. 2. A comparison between the operations of the connected and 
separate pods is also considered herein. Fig. 21 shows a comparison of 
the drag between the two models of three connected pods and drag of 
three separate pods under a pod speed of 300 m/s. It is worth noting that 
the drags acting on pods 1 and 2 are much smaller compared to that on 
pod 3, which always receives the highest drag. However, unlike the 
operation of three separate pods in which pod 1 receives the smallest 
drag, when we connect three pods with Ld = 1 m, pod 2 receives the 
smallest drag. 

As mentioned above, when operating three separate pods, each pod 
will generate its own CWs and EWs. However, connecting three pods 

will result in their acting as a long single pod. Fig. 22 shows the pressure 
profile along the tube’s centerline and pod surface at t = 3 s. Fig. 22a 
indicates that in the case of three separate pods, the EWs of the leading 
pods propagate and remain behind the last pod. Otherwise, in the case of 
the three connected pods, only one EW is observed behind the last pod 
(Fig. 22b). In addition, the pressure decreases from the nose of pod 1 to 
the tail of pod 3. This means that the pressure difference decreases in the 
order of pod 3 > pod 1 > pod 2. Thus, pod 2 receives the lowest drag. 
Fig. 21 also indicates that the effect of pod shape on the three connected 
pods is not large. The two models, i.e., rectangular (model 1) and 
semicircular (model 2), show less than 7% difference in drag. Appendix 
C provides the differences in pressure wave propagations between these 
two models. 

3.6. Effect of number of pods on drag 

3.6.1. Average drag 
Fig. 23 compares the average drag for the various cases investigated 

Fig. 17. Pressure profiles along the center-
lines of the tube and pod surfaces for t =
0.3–0.8 s in the case of operation of three 
separate pods with a speed of 300 m/s and 
Ld = 86 m: (a) pod 1, (b) centerline between 
pods 1 and 2, (c) pod 2, (d) centerline be-
tween pods 2 and 3, (e) pod 3, and (f) 
centerline behind pod 3; the lines and nota-
tions in dark blue refer to t = 0.3 s, those in 
orange refer to t = 0.4 s, and those in purple 
refer to t = 0.6 s. Note that the propagation 
direction in (f) refers to that of EW propa-
gation, while those of the remaining refer to 
CW propagation. The origin of the cartesian 
coordinate system is located at the nose tip of 
the first pod. (For interpretation of the ref-
erences to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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above. The average drag was calculated by the sum of the drag values 
acting on each pod divided by the number of pods. The case of the three 
connected pods is presented only for a pod speed of 300 m/s. The 
average drag increases with increasing pod speed. At a low speed, i.e., 
100 m/s, there is a slight difference between these cases compared to the 
reference case. For speeds exceeding the critical Mach number and an 
increase in the number of pods, the average drag acting on the pod 
system decreases. The difference becomes more significant at a pod 
speed of 300 m/s owing to the well-developed OSWs. Compared to the 

reference case in which a single pod is operated, the average drag re-
duces by roughly 31% for the operation of two separate pods and 45% 
for the operation of three separate pods. It is worth noting that three 
connected pods create a lower drag than three separate pods, with 
approximately 15% difference. Therefore, to reduce the aerodynamic 
drag, in addition to consideration of the pod shape/tube pressure, we 
can increase the number of pods being operated in a Hyperloop tube and 

Fig. 18. Effects of pod speeds on drag acting on each pod in the case of (a) operation of two separate pods and (b) operation of three separate pods with Ld = 86 m. 
The reference is the case of operation of a single pod. 

Fig. 19. Pressure differences between noses 
and tails of each of the pods in the case of (a) 
operation of two separate pods and (b) 
operation of three separate pods with Ld =

86 m. The line chart refers to the pressures at 
the noses (pnose) and tails (ptail) of each of the 
pods. The column charts refer to the pressure 
differences between the noses and tails of 
each of the pods as calculated by pnose − ptail. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 20. Effects of changing the distance between two separate pods Ld on drag 
with respect to pod speed. The reference cases show the drag of a single pod. 

Fig. 21. Comparison of the drag acting on three connected and three separate 
pods operating at a speed of 300 m/s. Model 1 refers to the three connected 
pods with a rectangular shape, and model 2 refers to the three connected pods 
with a semicircular shape. Ld = 86 m refers to the case of operation of three 
separate pods with a distance of 86 m between each of the pods. 
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connect them in a group. 

3.6.2. Effects of the number of connected pods on drag 
The proposed idea of the Hyperloop has good advantages over other 

modes of transportation, namely fast commuting between two cities 
with shorter times. However, the transportation capacity is limited. 
Based on (Musk, 2013), Hyperloops can transfer 28–40 passengers per 
round; alternatively, high-speed trains, for example the Korea Train 
eXpress can carry 52–60 passengers per car. Moreover, traditional sub-
ways can usually accommodate the same number of seats and around 
198 standing spots. Therefore, increasing the number of pods that can be 
operated in a tube should be considered. As mentioned in Section 3.6.1, 
the operation of the connected pods produces smaller drag than separate 
pods. Herein, the effects of the number of connected pods on drag is 

studied. The operations of two, three, five, seven and nine connected 
pods were evaluated for a pod speed of 300 m/s and rectangular shape. 

Fig. 24 shows the drag acting on each pod in the aforementioned 
cases. It is worth noting that the last pod always experiences the highest 
drag owing to the low pressure by the OSW at the tail pod. As explained 
before, the operation of the connected pods is similar to that of a long 
single pod. This condition causes the middle pods to always receive 
smaller drag than the first pod (or the first pod has the second-highest 
drag among the connected pods). As shown in Fig. 24, with increasing 
numbers of connected pods, the drag acting on each middle pod shows 
slight differences, i.e., pods 2–4 in the case of five connected pods, pods 
2–6 in case of seven connected pods, and pods 2–8 in case of seven 
connected pods. It is also worth noting that the drag acting on each pod 
reduces with increasing the number of pods; thereby reducing the 
average drag that will be shown in the next paragraph. 

Fig. 22. Pressure distributions along the centerlines of the tube and pod surface at t = 3 s for (a) operation of three separate pods (Ld = 86 m) and (b) operation of 
three connected pods (Ld = 1 m) at a speed of 300 m/s. 

Fig. 23. Comparison of average drag (sum of drag values acting on each of the 
pods divided by number of pods) for different cases with respect to pod speed. 
Note that the drag of the three connected pods is shown for only a pod speed of 
300 m/s. The reference shows the drag of a single pod with Lpod = 43 m. 

Fig. 24. Drag acting on each pod in the operation of two, three, five, seven and 
nine connected pods. The last pod always experiences the highest drag. Simu-
lations were conducted with a pod speed of 300 m/s and rectangular shape. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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The average drag is also examined in this section, as shown in Fig. 25; 
with increasing numbers of pods, the average drag decreases signifi-
cantly. Note that the slope of the curve in Fig. 25 reduces with increase 
in the number of pods. Compared with the operation of one pod, the 
average drag decreases approximately 53% when three connected pods 
are operated. Meanwhile, the operation of five and seven, and seven and 
nine connected pods show approximately 20% and 14% reduction in 
drag. Therefore, increasing the number of pods to a sufficient number 
affects the average drag to a lesser extent. 

4. Conclusions 

Unsteady-state simulations were conducted with the moving overset 
mesh method to investigate the variations in aerodynamic drag and 
pressure waves when operating multiple pods in a Hyperloop tube. A 2D 
axisymmetric model with the SST k-ω turbulence model was employed 
for the simulations. The results provide a good understanding of the 
variations in aerodynamic drag. The operations of two and three sepa-
rate pods were simulated under three different pod speeds, i.e., 100, 
200, and 300 m/s. To investigate the effects of distance between any two 
pods Ld, the drag acting on two consecutive pods was compared under 
two different Ld, i.e., 86 and 43 m. The drag comparisons between three 
connected and three separate pods are also presented. Additionally, the 
effects of two different pod shapes on the drag acting on three connected 
pods are demonstrated. The average drag, which is the ratio of the sum 
of the drag on each pod to the number of pods, and the effects of 
increasing the number of connected pods on the drag are also examined 
by considering the operation of a single pod as the reference. 

The main conclusions of this study are summarized as follows:  

1. When operating separate pods, each pod generates its own CWs and 
EWs. The interactions of these two waves cause variations in drag. 
For speeds below the critical Mach number, the difference in drag 
acting on each pod is minor compared to the reference case.  

2. For speeds exceeding the critical Mach number, for both separate and 
connected pods, the last pod always receives the highest drag owing 
to the occurrence of OSWs. In the case of separate pods, the first pod 
experiences the smallest drag.  

3. When two pods are operated separately with a long gap between 
them, the separation distance does not affect variation in drag 
greatly.  

4. When connecting three pods with a small gap of 1 m, the effects of 
pod shape on drag are minor. 

5. For increasing numbers of pods, the average drag decreases signifi-
cantly. Increasing the number of pods to a sufficient number in-
dicates that the average drag may have a smaller influence.  

6. The operation of connected pods creates a lower drag than that of 
separated pods. 

This is a pilot study investigating the movement of multiple pods in 
the Hyperloop system. By understanding the variations in aerodynamic 
drag, the energy cost can be estimated to overcome drag (Oh et al., 
2019). This study also compares the operations of three connected or 
separate pods as well as the effects of pod shape on drag; therefore, this 
work is expected to contribute toward the future development of the 
Hyperloop system. 

5. Limitations and future plans 

In this study, we only focused on the operation of a maximum of 
three separate pods. When considering simulations for the operation of 
three connected pods, we chose a random value for the gap between two 
pods. Hence, in the future, the effects of more than three separate pods 
will be investigated. Additionally, the distance between two connected 
pods and pod lengths should be examined. Finally, although a 2D 
axisymmetric model is adequate for investigating the simple shapes 
applied in this simulation, the analysis may not be sufficient for more 
complex pod shapes. Thus, in the future, 3D simulations should be 
considered. 
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Appendices. 

Appendix A. Drag-time variation 

Figure A.1 indicates that for the chosen simulation time, the drag 
tended to stabilize after a large fluctuation by a pressure interaction that 
was considered an initial transient in our study. 

Fig. 25. Effects of number of connected pods on average drag for a pod speed 
of 300 m/s. 
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Fig. A.1. Variation of drag acting on each pod with respect to time. The case of three separate pods operating at a speed of 300 m/s with Ld = 86 m is presented. The 
red triangle represents the drag of a single pod at a speed of 300 m/s. 

Appendix B. Effects of pod speed on the pressure contours of separate pods 

This section presents the pressure contours of two (Figure B.1) and three (Figure B.2) separate pods with respect to pod speed. With increase in pod 
speed, the pressures in the front and rear of each pod (except the last pod) increase. As can be observed, at a pod speed of 100 m/s, the difference 
between the lowest and highest pressure is small. When the pod speed increases, this difference becomes more significant.

Fig. B.1. Pressure contours of two separate pods (Ld = 86 m) operating in a tube at different speeds: (a) 100 m/s, (b) 200 m/s, and (c) 300 m/s.  

Fig. B.2. Pressure contours of three separate pods (Ld = 86 m) operating in a tube at different speeds: (a) 100 m/s, (b) 200 m/s, and (c) 300 m/s.  
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Appendix C. Effects of distance changes between two separate pods on pressure contours 

Figure C.1 shows the pressure contours at a pod speed of 300 m/s for two different distances between two separate pods. For Ld = 43 m, the 
pressure in front of pod 1 is slightly higher than that for Ld = 86 m. However, this difference is minor and results in a small difference in drag between 
the two cases.

Fig. C.1. Effects of distance changes for the operation of two separate pods at a speed of 300 m/s: pressure contours at t = 3 s for (a) Ld = 86 m and (b) Ld = 43 m. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Appendix D. Effects of pod shape on flow behavior 

This section presents the effects of pod shape on the pressure wave propagation of three connected pods. As shown in Figure D.1, there is a very 
slight difference between the two models for the semicircular and rectangular pod shapes. CWs generated by the two models also show small dif-
ferences. The EWs generated by the semicircular shape travel farther than those generated by the rectangular shape; this is attributable to the effects of 
the tail shape. The magnified views in Figures D.2 and D.3 indicate that for the semicircular shape, the pressure wave is obstructed behind pods 1 and 2 
because of the abrupt area expansion within the tail pod. After expanding from the tail pod, the flow instantaneously experiences an area contraction 
owing to the shape change for the nose of the following pod, resulting in an increase in pressure. Conversely, the change of area can be neglected for 
the rectangular shape with small rounded corners. Thus, the flow goes straight through without experiencing area expansion and contraction.

Fig. D.1. Three connected pods: pressure variations along the centerline of the tube at t = 3 s (a) in front of pod 1 and (b) behind pod 3. Model 1 refers to the 
rectangular shape, and Model 2 refers to the semicircular shape. The pod moves from the right-hand side to the left-hand side at a speed of 300 m/s. 

Fig. D.2. Pressure contours of the three connected pods operating at a speed of 300 m/s (at t = 3 s) for (a) Model 1 (rectangular shape) and (b) Model 2 (semicircular 
shape). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)  
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Fig. D.3. Velocity contours of the three connected pods operating at a speed of 300 m/s (at t = 3 s) for (a) Model 1 (rectangular shape) and (b) Model 2 (semicircular 
shape). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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