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Abstract: The Hyperloop system offers revolutionary transportation, aiming for near-sonic speeds in
a low-pressure environment. The aerodynamic design challenges of multiple vehicles in a confined
tube remain largely unexplored, particularly regarding vehicle spacing and suspension gaps. This
study investigates a jet-propelled, multi-vehicle Hyperloop system using Reynolds-Averaged Navier–
Stokes (RANS) equations and the k − ω turbulence model. Analysis of suspension gaps and vehicle
spacing on drag and thrust revealed that suspension gaps cause significant jet deflection, reducing
effective thrust and increasing drag. It was found that vehicle suspension, with a 75 mm suspension
gap, increased drag by 58% at Mach 0.7 compared to the unsuspended configuration. Meanwhile,
smaller vehicle spacing (Xv = 0.25Lv) reduced the drag by up to 50%, enhancing system efficiency.
The results emphasize the need to address the effect of jet deflection and optimize vehicle spacing
for maximum energy savings. These findings offer valuable insights for enhancing aerodynamic
performance in multi-vehicle Hyperloop systems.

Keywords: hyperloop; suspension effect; low-pressure tube; multiple vehicles; jet flow

1. Introduction

The Hyperloop, a futuristic transportation concept promising near-sonic speeds
through low-pressure tubes, has the potential to revolutionize travel and logistics. This
revolutionary idea, first proposed by Jospeh Foa (1966) in his tube flight and Oster (1999) as
evacuated tube transportation (ETT) [1,2], gained significant momentum in 2013 when Elon
Musk reignited interest with his vision of a near-vacuum tube system propelling passenger
pods at near-sonic speeds (Mach number, M = 0.99) [3]. By minimizing air resistance within
these low-pressure tubes (100 Pa), the Hyperloop aims to achieve unprecedented levels
of speed, efficiency, and sustainability, captivating researchers worldwide with its poten-
tial advantages in safety, cost effectiveness, and passenger comfort. However, realizing
this ambitious vision requires overcoming significant hurdles, including technological
complexities, safety considerations, commercial viability, and regulatory frameworks.

One of the key challenges lies in understanding the aerodynamic characteristics of high-
speed vehicles operating within the confined, low-pressure environment of the Hyperloop
tube. Unlike vehicles in open spaces, where aerodynamic drag increases significantly with
speed [4], the Hyperloop leverages reduced air density to minimize drag and maximize
efficiency. However, aerodynamic drag remains a crucial factor, influenced by the vehicle’s
speed, length, and blockage ratio (β = Av/Atube), where Av is the vehicle cross-sectional
area and Atube is the tube cross-sectional area [4–10].

Furthermore, flow compressibility plays a significant role in the system’s overall per-
formance, particularly at high speeds. Compression and expansion waves generated by
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the vehicle’s movement within the confined tube can lead to significant pressure dif-
ferences, resulting in pressure drag, which is the dominant drag component in such
systems [10–13]. Understanding these complex aerodynamic interactions is crucial for
optimizing Hyperloop vehicle design and ensuring the feasibility of this groundbreaking
transportation technology.

Numerical investigations, such as [4,5,13,14], have demonstrated that the strength
of the normal shock wave formed in front of the vehicle increases with both vehicle
speed and β. Throrely and Tiley review theoretical and some experimental studies on
unsteady and transient flow of compressible fluids in pipelines, with a focus on developing
equations that consider wall friction and heat transfer, providing methods of solution for
such flows [15]. Abdulla et al. used the method of characteristics to numerically investigate
a high-speed object in a tube, observing the presence and propagation of compression and
expansion waves within the tube system [7]. At near-transonic speeds, a complex system
of shock waves, including oblique and trailing shocks, appears behind the moving object,
significantly contributing to the total aerodynamic drag and potentially impacting system
safety and feasibility [4,14].

The aerodynamic interactions become even more complex in a multi-vehicle Hyper-
loop system. The flow field around and behind each vehicle, including the propagation
and interaction of compression and expansion waves, influences the overall aerodynamic
performance. Additionally, the phenomenon of choking, where the flow reaches sonic
conditions, can occur at high speeds and blockage ratios (e.g., 180 m/s and β = 0.36, as
observed by Oh et al. [11]), leading to a substantial increase in drag.

To decrease the risks asociated with the very low pressure (100 Pa) in the Hyper-
loop system, the High-speed Transportation research group at King Abdulaziz Univer-
sity proposes a Hyperloop system with reduced pressure levels at 10,000 Pa, the vehi-
cle operating by fan/compressor at the fore part of each moving vehicle (i.e., mitigat-
ing the Kantrowitz Limit). The first attempt to employ a fan/compressor was made by
Lluesma-Rodrguez et al. [16], who performed comprehensive CFD simulations to study
the power consumption of the Hyperloop operating system. The compressor was beneficial
for reducing power consumption by around 70% [16]. Similarly, Kwon et. al reported that
a reduction of 30% of the aerodynamic drag at 600 km/h could be achieved by using an
air-breathing device at the front of the vehicle [17]. Bizzozero et al. proposed a concept of
the vehicle utilizing a compressor with jet exit at its aft part to transfer the flow from the
front to the rear part, which works as a thrust device to propel the vehicle [18].

Magnetic levitation (Maglev) is essential for the vehicle–tube system to levitate above
the tracks and eventually eliminate the frictional resistance between the wheels and rails.
Despite Musk’s concept of using air bearings in levitation, as it needs massive pressure to
maintain track clearance, an electromagnetic suspension system can extend the height more,
which leads to an efficient and feasible system. Electromagnetic suspension, electrodynamic
suspension, and high-temperature superconducting are the three major classifications of
Maglev transportation technology [19].

Experimental work for Hyperloop technology is limited owing to high costs, a time-
consuming process, and a lack of funds. Therefore, most current Hyperloop studies rely on
numerous computational methods to investigate the flow field around the running vehicles
and enhance the aerodynamic performance [5,8,11,13,16,17,20–29].

The Hyperloop technology has many limitations, but it has several unique advantages.
Traveling from Jeddah to Riyadh in Saudi Arabia (i.e., the most demanded flight route) is
estimated to be one hour and twenty minutes, with a maximum speed of 820 kph (M = 0.7)
via airplanes. The Hyperloop system could transport passengers faster than an airplane
with a favorable load/unload time. Airplanes have a turnaround time of more than one
hour. However, the Hyperloop is an attractive option with high-speed boarding/departing
time. If multiple vehicles are designed and tested, it could be like a subway train. A
similar concept has been proposed by NEOM to be operated in the linear smart city—car
free—“The Line” [30]. The study aligns with Saudi Arabia’s Vision 2030, which emphasizes
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infrastructure modernization, environmental sustainability, and economic diversification.
Through the enhancement of energy efficiency and vehicle stability in Hyperloop systems,
the research supports the development of innovative transportation solutions that reduce
carbon emissions and contribute to sustainable high-speed transit. Jet propulsion offers
an alternative to traditional propulsion methods, with the potential to minimize drag and
improve efficiency in Hyperloop systems.

This research pioneers a comprehensive investigation into the aerodynamic perfor-
mance of a jet-propelled, multi-vehicle Hyperloop system operating within a low-pressure
tube [31]. Unlike conventional Hyperloop designs that rely on magnetic levitation, this
study explores the potential of jet propulsion in a confined, low-pressure environment,
offering a novel approach to sustainable high-speed transportation. In our previous work,
we explored the aerodynamic performance of a multiple-vehicle system propelled by air-
breathing jet propulsion in a low-pressure environment. The focus was on an axisymmetric
model where vehicles equipped with an air-breathing propulsion system demonstrated
significant improvements in aerodynamic performance over a single-vehicle system. Our
analysis revealed that the air-breathing multiple-vehicle configuration could reduce drag by
up to 57%, especially at closer vehicle-to-vehicle spacings, due to favorable flow interactions
and propulsion benefits.

The role of suspension gaps is critical in maintaining stable flow fields between
vehicles, preventing adverse flow separations and shock wave formations that would
otherwise increase drag. Kim et al. examined the effects of pod misalignment, highlighting
that precise spacing and suspension gap management are essential to avoid increases in
drag due to flow disturbances [32]. Studies such as Zhong et al. also emphasized the
importance of managing shock waves and pressure propagation in confined, high-speed
environments, where improper suspension gaps can lead to increased flow disturbances
and degrade performance [33]. Especially when the vehicle is equipped with a jet nozzle
for propulsion, the flow structure is significantly affected [34,35].

The current research builds upon previous efforts [7,31,34–36] by investigating the
impact of suspension gaps and utilizing 3D flow simulations to gain a deeper understanding
of flow dynamics and aerodynamic challenges in a more realistic multi-vehicle Hyperloop
system. A key focus is placed on how the suspension gap affects thrust and drag efficiency.

This work specifically addresses the underexplored area of suspension gaps in Hy-
perloop system aerodynamics. Through detailed numerical simulations using Reynolds-
Averaged Navier–Stokes (RANS) equations and CFD techniques, the study examines the
interactions between vehicle spacing, jet propulsion, and suspension dynamics in confined,
low-pressure environments. The findings offer valuable insights for optimizing jet propul-
sion and improving overall system performance, contributing to more sustainable and
efficient transportation solutions.

2. Numerical Simulation
2.1. Model Description

The system developed by the High-speed Transportation research group at King
Abdulaziz University involves the operation of multiple vehicles within a low-pressure
tube maintained at 10 kPa. This design is aimed at enhancing passenger and freight capacity.
Each individual vehicle within the system is equipped with an air compressor and a jet
exit mechanism to generate thrust as illustrated in Figure 1. To capture intermediate effects
effectively, this study selects a minimal configuration of three vehicles, as the intermediate
vehicle exhibits a similar flow field characteristic to the others. In this simulation, all
multiple vehicles are identical as depicted in Figure 1. The tube’s diameter is 5 m, while
the individual vehicle’s diameter is set at 3 m. This choice of dimensions results in a
selected β = 0.36. This blockage ratio is widely recommended for optimizing the aero-
structural aspects of Hyperloop systems [4,11,13,20]. Both the axisymmetric (centered) and
the Maglev suspension gap effect are simulated at various vehicle-to-vehicle distance (Xv)
at different Mach numbers (0.3 representing the performance at the lower subsonic flow
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regimes, M = 0.5 for the moderate subsonic, and 0.7 representing the cruise condition). Due
to the implementation of the air compressor, each vehicle produces a weak compression
wave and jet expansion at the end [36]. The reason for using the vehicle-to-vehicle distance
as a parameter is to study the effect on the aerodynamics and the flow field. The suspension
gap study aims to avoid the axisymmetric assumption for the realistic model where Maglev
technology is used. The suspension gap effect on the aerodynamic characteristics was
studied by Zhou et al. [33] and the effect of the Maglev train track was investigated by
Hu et al. [22]. The establishment of vehicle-to-vehicle distance (Xv) and suspension gap (d)
provides a better resolution to estimate the impact of these parameters on the performance
of multiple vehicles equipped with the air compressor and the jet nozzle Hyperloop system
as presented in Figure 2.

Figure 1. General configuration and major dimensions of the single-vehicle tube system.

Figure 2. Model diagram of the multiple-vehicle tube system (axisymmetric and suspension) and
boundary conditions.

2.2. Flow Regimes

The flow physics in a Hyperloop system are primarily governed by two key parame-
ters: Reynolds number and Mach number. The flow field is characterized by a moderate
Reynolds number, Re = 1.9 × 106. Three vehicle speeds are explored through varying Mach
numbers: low subsonic (0.3), medium subsonic (0.5), and high subsonic (0.7). Addition-
ally, the compressor pressure ratio and jet exit velocity also influence the flow field. The
“Kantrowitz limit” (choked flow at supersonic or transonic velocities) and the piston effect
(high-pressure region forming in front of the vehicle) are critical flow behaviors that impact
system performance [24].

Due to the low operating pressure, the Knudsen number (Kn) is relevant. To ensure
the validity of the continuum assumption, Kn should be less than 0.001. Based on the
Reynolds number and vehicle Mach number, the calculated Knudsen number is 5.4 × 10−5,
satisfying the continuum assumption.
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As described in Figure 3, the flow field is altered by the impact of the following vehicle,
the compression waves (CW) accumulated in the front of the vehicles, and expansions (EW)
occur at the last vehicle fore. The interaction region is presented between each vehicle.

Figure 3. Pressure flow field of multiple vehicles moving a tube. V1, V2 and V3 are first, second, and
last running vehicle.

2.3. Limitation and Assumptions

• The RANS modeling approach used in this study does not fully capture transient wake
effects and flow disturbances such as vortex shedding and wake interference between
vehicles, which may lead to an underestimation of drag forces and flow instability in
the confined Hyperloop environment.

Several simplifications were made in this study to streamline the computational
analysis of jet-propelled vehicles in the Hyperloop system.

• First, the flow is assumed to be in a continuum mode, which is valid for low-pressure
environments since Kn < 0.001 as provided in Section 2.2.

• Second, a constant mass flow rate is assumed across all vehicles, ignoring potential
variability in propulsion performance and jet flow interactions, which could lead
to fluctuations in thrust and drag. While necessary for reducing complexity, these
assumptions may limit the model’s accuracy in capturing localized flow phenomena
and transient behaviors.

2.4. Governing Equations

The flow field around the multiple vehicles in the Hyperloop system is governed
by the compressible Reynolds-Averaged Navier–Stokes (RANS) equations along with the
k − ω SST turbulence model. The continuity, momentum, and energy equations are given
as follows:

The continuity equation for the conservation of mass is expressed as

∂ρ

∂t
+

∂(ρui)

∂xi
= 0 (1)

where ρ is the fluid density and ui is the time-averaged velocity component in the i direction.
The RANS form of the momentum equation is given by

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
δij

∂uk
∂xk

)]
−

∂τij

∂xj
(2)

where p is the mean pressure, µ is the dynamic viscosity, and τij = ρu′
iu

′
j represents the

Reynolds stress tensor. The conservation of energy equation, which includes the turbulent
heat flux, is expressed as

∂(ρe)
∂t

+
∂(ρeuj)

∂xj
=

∂

∂xj

[
(k + kt)

∂T
∂xj

]
+ ui

∂p
∂xi

+ τij
∂ui
∂xj

− ∂

∂xj

(
ρu′

ih
′
)

(3)

where e is the total energy per unit mass, k is the thermal conductivity, kt is the turbu-
lent thermal conductivity, T is the mean temperature, and ρu′

ih
′ represents the turbulent

heat flux.

2.5. Turbulence Model

The high-speed vehicle–tube system was studied and analyzed numerically in nu-
merous research works [8,11,13,16,20–29]. The k − ϵ turbulence model was applied by
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Chen et al. [37]. Most of the works use the k − ω turbulence model with the axisymmetric
assumption, for example, works of [5,11,13,17,20,21]. Later, IDDES (Improved Delayed
Detached Eddy Simulation) with the RANS region resolved with the k − ω for a small-
scaled Hyperloop model was utilized to reduce the computational budget [22]. Zhou et al.
employed the SAS model (Scale Adaptive Simulation) for the analysis of radial gap effect
on aerothermal performance of a transonic Hyperloop [29].

The k − ω SST (Shear Stress Transport) model is a widely used turbulence model
in computational fluid dynamics due to its ability to accurately capture complex flow
behaviors such as adverse pressure gradients and flow separation. These characteristics are
particularly crucial in high-speed applications such as Hyperloop systems. Introduced by
Menter [38], the model integrates the strengths of the k − ω formulation in the near-wall
region with the k − ϵ model in free shear flows, offering robust predictions across a wide
range of flow regimes. The effectiveness of the k − ω SST model has been validated in
numerous studies focused on Hyperloop systems, consistently demonstrating its capability
to analyze the aerodynamic performance and flow characteristics of high-speed vehicles
within low-pressure tubes. This study employs the default parameter values of the k − ω
SST model. The Turbulent Kinetic Energy (k) Equation is expressed as follows:

∂(ρk)
∂t

+
∂(ρkuj)

∂xj
= τij

∂ui
∂xj

− β∗ρωk +
∂

∂xj

[
(µ + σkµt)

∂k
∂xj

]
(4)

The Specific Dissipation Rate (ω) Equation is expressed as follows:

∂(ρω)

∂t
+

∂(ρωuj)

∂xj
=

γ

νt
τij

∂ui
∂xj

− βρω2 +
∂

∂xj

[
(µ + σωµt)

∂ω

∂xj

]

+ 2ρ(1 − F1)σω2
1
ω

∂k
∂xj

∂ω

∂xj

(5)

The default constants for the k − ω SST model are

σk1 = 0.5, σω1 = 0.5, β1 = 0.0750

σk2 = 1.0, σω2 = 0.856, β2 = 0.0828

β∗ = 0.09, κ = 0.41, γ1 =
β1

β∗ − σω1κ2√
β∗ , γ2 =

β2

β∗ − σω2κ2√
β∗

The k − ω SST model utilizes blending function F1 defined based on the distance from
the wall to transition smoothly between the k −ω and k − ϵ models. These constants ensure
accurate predictions of complex flow behaviors such as adverse pressure gradients and
flow separation, especially in high-speed aerodynamic applications [38].

In this study, RANS simulations were performed using the finite-volume method
of CFD software FLUENT 19.3. Spatial discretization employed a second-order upwind
scheme [39]. The inviscid flux was calculated using the ROE scheme [40], and the Least
Square Method [41] was used for spatial gradient discretization. The momentum and
energy terms were discretized using the second-order upwind scheme [39]. The compu-
tational domain was extended to ensure fully developed flow. All numerical simulations
were performed using the HPC AZIZ facility [42].

2.6. Grid Generation Approach

A hexahedral structured mesh was employed to discretize the computational domain.
To determine the appropriate grid size, three types of grid densities (coarse, medium, and
fine) were generated, as shown in Figure 4, for the case of Xv = 0.5Lv. The grid sizes on the
vehicle for coarse, medium, and fine densities were 30 mm, 15 mm, and 5 mm, respectively,
with total grid counts of 2.55, 8.6, and 15.3 million cells, respectively. For all three grid
densities, the height of the first boundary layer grid was approximately 0.01 mm with a
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growth rate of 1.1 to simulate the near-wall flow field and maintain y+ ≈ 5, as shown in
Figure 4. The same grid strategy was adopted for both suspended and centered vehicles
using medium grid levels.
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Figure 4. The same grid strategy was adopted for both suspended and centered vehicles
using medium grid levels.

Figure 4. Three-dimensional supended model: grid and boundaries.

2.7. Boundary Conditions

The pressure far field boundary type is employed on the tube portal, following the
methodology of Niu et al. [14,29]. At the jet exit face, a mass flow inlet type is used, where
the total temperature and mass flow rate are specified to determine the thrust force. The
fan entrance is configured as a mass flow outlet. The mass flow rate and total temperature
for the three Mach number regimes are detailed in Table 1.

Table 1. Vehicle inflow/outflow boundary conditions at different Mach numbers.

Mach Number ṁ (kg/s) Vjet (m/s) T0 (K)

0.3 64 121 305

0.5 107 281 339

0.7 150 347 360

The cruise conditions of a vehicle are defined by constant speed and zero acceleration.
To maintain force equilibrium in the direction of motion, the thrust force must equal the
drag force. The initial specifications for the air-breathing system in this study used a
specified mass flow rate based on a single-vehicle system configuration. However, this
mass flow rate is insufficient to achieve force equilibrium in a multiple-vehicle system. To
maintain force balance in the multiple-vehicle system, the thrust must be adjusted. This
can be accomplished by using a variable RPM fan with a reduction gear to control the mass
flow rate or by regulating the jet exit velocity through a centered-body system.

An iterative procedure was developed to determine the required mass flow rate to
achieve force equilibrium. A User-Defined Function (UDF) is employed to calculate the
drag force based on the results of the previous iteration, ensuring that the mass flow rate
and total temperature match. The procedure is initialized using the values from Table 1.
Subsequently, the required air-breathing mass flow rate by the compressor is increased or
decreased to achieve force balance.

Figure 4. Three-dimensional supended model: grid and boundaries.

2.7. Boundary Conditions

The pressure far field boundary type is employed on the tube portal, following the
methodology of Niu et al. [14,29]. At the jet exit face, a mass flow inlet type is used, where
the total temperature and mass flow rate are specified to determine the thrust force. The
fan entrance is configured as a mass flow outlet. The mass flow rate and total temperature
for the three Mach number regimes are detailed in Table 1.

Table 1. Vehicle inflow/outflow boundary conditions at different Mach numbers.

Mach Number ṁ (kg/s) Vjet (m/s) T0 (K)

0.3 64 121 305

0.5 107 281 339

0.7 150 347 360

The cruise conditions of a vehicle are defined by constant speed and zero acceleration.
To maintain force equilibrium in the direction of motion, the thrust force must equal the
drag force. The initial specifications for the air-breathing system in this study used a
specified mass flow rate based on a single-vehicle system configuration. However, this
mass flow rate is insufficient to achieve force equilibrium in a multiple-vehicle system. To
maintain force balance in the multiple-vehicle system, the thrust must be adjusted. This
can be accomplished by using a variable RPM fan with a reduction gear to control the mass
flow rate or by regulating the jet exit velocity through a centered-body system.

An iterative procedure was developed to determine the required mass flow rate to
achieve force equilibrium. A User-Defined Function (UDF) is employed to calculate the
drag force based on the results of the previous iteration, ensuring that the mass flow rate
and total temperature match. The procedure is initialized using the values from Table 1.
Subsequently, the required air-breathing mass flow rate by the compressor is increased or
decreased to achieve force balance.
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2.8. Grid Convergence and Validation
2.8.1. Grid Convergence Study

Three grid levels were examined in the scenario where Xv = 0.5Lv. The grid sizes on
the vehicle for low, medium, and high densities are 30 mm, 15 mm, and 5 mm, respectively.
The drag force results were computed and monitored for three vehicles, and the system’s
average drag for each grid level confirmed the convergence of the grid. Notably, the
difference between the coarse and medium grids in the system’s average drag is more
pronounced compared to the fine grid. Consequently, the medium grid was employed for
the remaining simulation cases with various configurations as shown in Table 2.

Table 2. Grid dependence check.

Grid
Level Grid Size V1 V2 V3 System Average

Drag (N) Diff. % Drag (N) Diff. % Drag (N) Diff. % Drag (N) Diff. %

Coarse 2.55 M 3454 - 4500 - 22,036 - 9997 -
Medium 8.6 M 3481 0.78% 4539 0.85% 22,832 3.61% 10,284 2.87%

Fine 15.5 M 3466 0.46% 4513 0.57% 22,820 0.64% 10,266 0.17%

2.8.2. Validation with DLR Ejector Model

The DLR model of the hydrogen ejector is utilized to verify the numerical solution
method specified in the previous section. The model dimensions and the boundary condi-
tion are defined in Figure 5. The inflow/outflow boundary types are the pressure far field,
the hydrogen ejector specified to the mass flow inlet, and the top and bottom walls, which
are stationary adiabatic walls as well as the model walls.

Figure 5. DLR ejector model dimensions, boundary conditions, computational grid, and pressure
distribution on the bottom wall [43].

The quadrilateral element is used with a total number of elements around 140,000 cells.
The maximum cell aspect ratio is 74 with near-wall distance around 0.005 mm correspond-
ing to y+ around 1. The grid is constructed using ANSYS ICEM meshing tool. The flow
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field Mach number is two with the inlet pressure of 200 kPa. The hydrogen ejector speed is
1200 m/s which is equivalent to M = 1 based on hydrogen properties.

Figure 5 depicts the pressure distribution at the bottom wall computed using the
k − ω and the experimental results [43], which provided a good agreement. The pressure
magnitude decreases downstream due to the presence of the complex diamond shock-
cell structure along with the ejector and jet spread downstream. Both the numerical
solution and experimental outcomes show this decrease in the pressure as the shock
weaken downstream.

2.8.3. Validation with RAE 2822 Airfoil

The well-known case of the RAE 2822 airfoil under flight conditions of M = 0.729,
p = 15.8 psi, T = 460◦R, and α = 2.31◦ was employed to validate the current numerical
approach using the k − ω turbulence model. The grid was generated using the ANSYS
ICEM CFD meshing tool, utilizing 2D quadratic elements with near-wall spacing corre-
sponding to y+ ≈ 1. The grid around the airfoil consisted of 550 elements, while the
computational domain extended 50 chord lengths upstream and downstream, resulting
in a total of 198,000 elements. A pressure far-field boundary condition was applied at the
inlet and outlet, and the airfoil surface was considered adiabatic.

This validation at transonic flow conditions, where a normal shock wave was accu-
rately captured, is crucial for demonstrating the model’s proficiency in simulating complex
aerodynamic behaviors such as shock waves and pressure distributions. These capabilities
are particularly relevant to this study, as they validate the model’s accuracy in assessing
the aerodynamic performance of jet-propelled vehicles in the Hyperloop system, where
shock wave interactions, suspension effects, and jet flows significantly influence the flow
physics in a confined low-pressure environment.

The comparison of the computed pressure coefficient distribution with experimental
data [44] shows excellent agreement, as depicted in Figure 6, accurately capturing the
minimum pressure coefficient and the precise shock wave location, thus confirming the
reliability of the numerical scheme.

Figure 6. RAE 2822 validation case- pressure coefficient distribution over airfoil surface, arrows
represent flow direction, (experimental data source: [44]).

2.8.4. Turbulence Model Effects

The case Xv = Lv was utilized to verify the solution of the k − ω model using the
medium grid. Similar boundary conditions were applied with the medium-sized grid level
and solved using the k − ω SST, the one-equation SA (Spalart–Almaras) model [45], and
k − ϵ Realizable models [46]. The results confirm the accuracy of the k − ω SST model when
compared with the aforementioned turbulence models. The difference in drag force for
the first vehicles (V1, V2) is negligible, while the drag force for the last vehicle (V3) shows
2% and 1% differences from the k − ω SST and k − ϵ Realizable models, respectively, as
presented in Table 3.
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Table 3. Validation of k − ω SST model Vs SA and k − ϵ Realizable.

Turbulence Model Vehcile 1 Vehicle 2 Vehicle 3
Drag % Diff. Drag % Diff. Drag % Diff

k − ω SST 2705 ——– 3469 ——- 22,647 —–
(SA) 2707 0.07% 3470 0.03% 22,170 2%

k − ϵ Realizable 2707 0.02% 3471 0.03% 22,401 1%

3. Results and Discussion

In this section, we present the results of our numerical simulations, focusing on the
aerodynamic performance of a jet-propelled, multi-vehicle Hyperloop system. We highlight
the influence of suspension gaps and vehicle spacing on the overall system performance,
providing insights into the complex flow dynamics and interactions within the confined
low-pressure tube. Our findings are discussed in detail, emphasizing the key observations
and their implications for Hyperloop design and operation.

The simulation results for a single vehicle are presented first to establish a baseline
for comparison. Analysis of the flow field around this vehicle includes the suspended and
unsuspended cases. Subsequently, results for multiple axisymmetric and suspended vehi-
cles at cruise conditions are examined. Pressure and Mach number contours illustrate the
aerodynamic interactions at various vehicle-to-vehicle distances. The drag force variations
with respect to Mach number and inter-vehicle spacing are tabulated and discussed. By
comparing the average drag of the multi-vehicle configurations to that of the single-vehicle
reference, the potential energy and power savings are quantified.

3.1. Single-Vehicle Aerodynamic Performance

The reference model for the current analysis is a 3D model of a single vehicle, both
with and without a suspension gap. The suspension model was examined at a blockage
ratio of β = 0.36 and Mach numbers of 0.3, 0.5, and 0.7.

3.1.1. Flow Structure Around the Vehicle

The static pressure contours and Mach number distribution at a cruise Mach number
of 0.7 are illustrated in Figures 7 and 8, respectively, both at p = 10 kPa and β = 0.36.
Figure 7 shows the static pressure distribution around the vehicle within the confined tube
system. With the flow moving from right to left, higher pressure is observed in front of the
vehicle, while lower pressure regions appear primarily at the rear of the vehicle.

Figure 8 depicts the Mach number contours. The flow accelerates as it approaches
the vehicle, reaching its highest velocities (∼1.5–2) in the confined space between the tube
wall and the vehicle’s body. The wake region to the left of the vehicle shows complex flow
patterns, including shock waves and boundary layer interaction. The flow field appears
vertically asymmetric, with different patterns visible in the upper and lower halves of
the tube. These visualizations highlight significant flow acceleration around the vehicle
and complex wake structures. The high Mach number regions and pressure variations,
particularly around the vehicle’s rear (leading edge) and in its wake, are critical areas for
further investigation and potential design optimization to enhance system performance
and stability.
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Figure 7. Static pressure contours at p = 10 kPa, M = 0.7, and β = 0.36.

Figure 8. Mach number contours at p = 10 kPa, M = 0.7, β = 0.36.

3.1.2. Comparison of Centered and Suspended Single-Vehicle Models

Figure 9 illustrates the Mach number contours with their variation along the jet
centerline and the tube walls. The data are shown for both the axisymmetric and suspended
model flow fields around the rear of the vehicle.

Figure 9. Mach number contours for axisymmetric and suspended models for the rear vehicle, x is
distance downstream measured in m from system origin point, at p = 10 kPa, M = 0.7, β = 0.36.
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In the axisymmetric model, the flow structure reveals a high-speed jet core emanating
from the vehicle’s rear, with Mach numbers peaking at the jet exit. Multiple strong shock
waves (Sx1, Sx2, Sx3) are evident as sudden Mach number changes. The Mach number plot
for the axisymmetric model shows relatively consistent values near the tube wall and jet
center, with the flow near the wall maintaining supersonic speed.

The suspended model, however, exhibits notable differences. The primary distinction
between the axisymmetric and suspended models is the downward deflection of the jet core
in the suspended configuration. The Mach number plot reveals somewhat greater variation
among CF1 (upper boundary) and CF2 (lower boundary) compared to the axisymmetric
case. A strong terminating shock is visible around x = −100, where all three lines show
a sudden Mach number decrease. The jet asymmetry reduces the effective thrust and
generates an upward force, which exposes the vehicle to a pitching moment.

3.2. Axisymmetric Model of Multiple Moving Vehicles

This section addresses the axisymmetric configuration of a multiple-vehicle system
(centered within the tube).

3.2.1. Flow Field Characteristics at Different Vehicle Spacings

In this analysis, the flow structure for the axisymmetric model (centered vehicle)
without a suspension gap is examined.

Figure 10 highlights the flow field at a short spacing (Xv = 0.25Lv). At Xv = 0.25Lv,
shock-free flow is observed around the leading and middle vehicles due to the compression
wave generated by the following vehicle. This compression creates a favorable pressure
gradient, allowing smoother flow and preventing the formation of shock waves. In essence,
the trailing vehicle acts as a ’moving nozzle,’ extending the flow passage for the leading
vehicles. However, the trailing vehicle, lacking this proximity effect, experiences more
complex shock and expansion waves, resulting in significant drag. The maximum Mach
number at the oblique shock wave behind the trailing vehicle approaches two, with a
12 kPa pressure difference between the leading and trailing vehicles. This under-expanded
jet creates high noise levels and potential structural damage.

Figure 11 presents the Mach number and static pressure contours for three vehi-
cles—leading, middle, and trailing—at a larger spacing (Xv = 2Lv). The Mach number
contours reveal the formation of weak shock waves around all three vehicles. The trailing
vehicle experiences the most complex flow patterns, with a strong shock wave observed
at its rear due to the adverse pressure gradient in this region. This strong shock leads to
boundary layer separation and increased drag. The flow expands, increasing the Mach
number to approximately 1.8, resulting in the formation of an under-expanded jet, though
less intense than in the closer spacing configuration. Examining the pressure contours,
more distinct pressure variations are observed around all vehicles. A significant pressure
difference of about 12 kPa exists between the leading and trailing vehicles. The trailing
vehicle exhibits a marked pressure differential between its front and rear, contributing to
its increased drag. The middle and leading vehicles also show more pronounced pressure
gradients, with higher pressures at their fronts (yellow) and lower pressures at their rears.

These observations support the concept that at larger spacings, each vehicle experi-
ences more individual flow characteristics, leading to the formation of shock waves and
increased overall system drag compared to the closer spacing configuration. The reduced
influence of the trailing vehicle on the leading vehicles’ flow fields results in less favorable
aerodynamic conditions for the system as a whole.

As shown in Table 4, drag increases for both the leading and middle vehicles at
Xv = 2Lv compared to Xv = 0.25Lv due to higher pressure differences between their front
and rear sections. This further emphasizes the significant impact of inter-vehicle distance
on the aerodynamic behavior and efficiency of high-speed multi-vehicle systems.
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Figure 10. Mach number and static pressure contours for Xv = 0.25Lv, M = 0.7, β = 0.36.

Table 4. Thrus drag, and thrust/drag ratio for centered vehicles at various vehicle-to-vehicle distances.

Parameter Xv First Vehicle Centered
Vehicle Last Vehicle System

Average

Drag (N)

0.25Lv 2712 3717 11,251 5893.3
0.5Lv 3455 3722 11,363 6180
1Lv 4394 4466 11,395 6749.6
2Lv 6920 6048 11,414 8114

Thrust (N)

0.25 Lv 11,478 15,476 19,000 15,318
0.5Lv 11,937 16,509 21,156 16,534
1Lv 13,907 14,964 19,228 16,033
Lv 15,508 14,955 16,964 15,809

Thrust/Drag Ratio

0.25 Lv 4.23 4.16 1.69 2.60
0.5Lv 3.45 4.43 1.86 2.67
1Lv 3.16 3.35 1.69 2.37
2Lv 2.24 2.47 1.49 1.95
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Figure 11. Static pressure and Mach number contours for Xv = 2Lv, M = 0.7, β = 0.36.

3.2.2. Drag and Thrust Analysis

Table 4 lists the values of thrust, drag, and thrust/drag ratio for centered vehicles at
various vehicle-to-vehicle distances. As vehicle spacing (Xv) increases, drag on each vehicle
generally rises due to the reduced influence of the trailing vehicle. This effect is especially
prominent for the leading and middle (centered) vehicles, where drag increases significantly
at larger spacings. For the leading vehicle, drag increases from 2712 N at Xv = 0.25Lv to
6920 N at Xv = 2Lv. The centered vehicle shows a similar trend, with drag rising from
3717 N to 6048 N over the same spacing range. The last vehicle experiences a relatively
smaller increase in drag, from 11,251 N to 11,414 N. The system achieves substantial drag
reduction compared to a single vehicle, with the maximum reduction occurring at the
shortest spacing (Xv = 0.25Lv). The average system drag at this spacing is 5893.3 N, which
is significantly lower than the drag on individual vehicles at larger spacings.

Thrust generated by each vehicle also generally increases with larger spacing, though
the trend is not as consistent as with drag. For example, the centered vehicle’s thrust
peaks at 16,509 N at Xv = 0.5Lv before decreasing at larger spacings. The trailing vehicle
consistently experiences higher drag than thrust, regardless of spacing. This imbalance
highlights the need for additional thrust to improve the trailing vehicle’s performance
and contribute to system efficiency. The thrust-to-drag ratio is highest for the leading and
centered vehicles at shorter distances. For instance, at Xv = 0.25Lv, the ratios are 4.23 and
4.16 for the first and centered vehicles, respectively. However, as spacing increases, the
thrust-to-drag ratio declines for all vehicles. The trailing vehicle consistently has the lowest
thrust-to-drag ratio, ranging from 1.69 to 1.49 across all spacings.

The average system performance shows promising results. The system average thrust-
to-drag ratio is highest (2.67) at Xv = 0.5Lv, slightly better than at Xv = 0.25Lv (2.60). This
ratio declines to 1.95 at the largest spacing of 2Lv. Maintaining vehicle proximity is critical
to optimizing drag reduction and propulsion efficiency across the system. The data suggest
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that a spacing between 0.25Lv and 0.5Lv might offer the best balance of reduced drag and
improved thrust-to-drag ratio for the overall system.

3.3. System of Multiple Moving Vehicles with Suspension Effect

This section examines the aerodynamic effects of the suspension gap on flow sepa-
ration, drag, thrust, shock-wave interactions, and jet inclination, providing insights into
improving system efficiency in multi-vehicle configurations.

3.3.1. Flow Field Characteristics at Different Vehicle Spacings

Figures 12 and 13 illustrate the Mach number and static pressure flow field contours
for two different vehicle spacings, both with a 75 mm suspension gap. Figure 12 shows
the configuration for Xv = 0.25Lv. The trailing vehicle exhibits complex flow structures,
particularly visible in the detailed flow structure view. Underexpanded jet develops behind
the trailing vehicle, indicating localized flow acceleration. The flow patterns indicate
three-dimensional flow complexity. The middle and leading vehicles appear to have
uniform flow fields compared to the trailing vehicle. Figure 13 depicts the scenario for
Xv = 2Lv. The overall flow field appears less disturbed compared to Figure 12. There is
still a underexpanded jet behind the trailing vehicle. Again, the flow around the leading
and middle vehicle is relatively uniform. The key differences between the two spacings
are evident. The larger spacing in Figure 13 results in more isolated flow patterns around
each vehicle. The intense flow acceleration behind the trailing vehicle is reduced with
increased spacing. The interaction between vehicles appears minimized in the larger
spacing configuration.

Figure 12. Mach number flow field contours with 75 mm suspension gap for Xv = 0.25Lv ,
M = 0.7, β = 0.36.

Figure 13. Mach number flow field contours with 75 mm suspension gap for Xv = 2Lv, M = 0.7,
β = 0.36.

At higher Mach numbers, jet deflection due to the suspension gap significantly impacts
the trailing vehicle. The deflected jet reduces thrust efficiency, as the downward-inclined
flow path (caused by the Coanda effect [47]) increases turbulent mixing and drag. Numeri-
cal results indicate that, for Xv = 0.25Lv, the trailing vehicle experiences a thrust reduction
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of approximately 12% compared to the leading vehicle, primarily due to this deflection.
As vehicle spacing increases to Xv = 2Lv, the thrust-to-drag ratio decreases from 1.74 to
1.50, further proving that jet inclination due to the suspension gap results in a progressive
decline in system efficiency.

3.3.2. Drag and Thrust Analysis

Table 5 summarizes the drag, thrust, and thrust-to-drag ratio variations across different
vehicle spacings. At closer spacings (Xv = 0.25Lv), the system exhibits better aerodynamic
performance, with drag values reaching 9497 N compared to 11,430 N at Xv = 2Lv. The
closer spacing allows for aerodynamic shielding, reducing drag on the trailing vehicle by
taking advantage of the leading vehicle’s wake.

However, thrust generated by the trailing vehicle at smaller spacings is compromised
by the aforementioned jet inclination, resulting in a reduced thrust-to-drag ratio of 1.74 at
Xv = 0.25Lv. The system’s thrust-to-drag ratio continues to decrease as spacing increases,
with a ratio of 1.50 at Xv = 2Lv. This further illustrates the impact of jet inclination
on overall efficiency—closer spacing helps minimize drag, but the suspension gap and
resulting jet deflection create additional challenges for optimizing thrust.

Table 5. Drag thrust, and thrust-to-drag ratio for system with suspension gap included.

Parameter Xv First Vehicle Centered
Vehicle Last Vehicle Average

Drag (N)

0.25Lv 2712 3717 22,064 9497
0.5Lv 3520 4586 22,408 10,171
1Lv 4313 4760 22,932 10,668
2Lv 5515 5685 23,089 11,430

Thrust (N)

0.25Lv 11,872 17,407 20,260 16,513
0.5Lv 14,938 16,678 19,070 16,896
1Lv 16,046 16,058 18,360 16,821
2Lv 17,100 16,651 17,755 17,169

Thrust-to-Drag Ratio

0.25Lv 4.38 4.68 0.92 1.74
0.5Lv 4.24 3.64 0.85 1.66
1Lv 3.72 3.37 0.80 1.58
2Lv 3.10 2.93 0.77 1.50

As a result, the suspension gap creates complex aerodynamic effects, with jet deflection
emerging as a critical factor in reducing thrust efficiency. While closer vehicle spacings
help reduce drag, the jet inclination caused by the suspension gap significantly lowers the
thrust-to-drag ratio, especially for the trailing vehicle. Optimization strategies, such as
adjustable nozzles or flow control mechanisms, could mitigate these effects and improve
system performance.

3.4. Comparison Between the Suspended and Centered Systems

The 3D models of suspended and centered multi-vehicle Hyperloop systems are inves-
tigated at cruise conditions. The analysis focuses on pressure and Mach number distribu-
tions, shock wave interactions, and the influence of jet inclination due to suspension gaps.

3.4.1. Pressure and Mach Number Distributions

In Figure 14, the (Cp) distribution along the X-axis reveals distinct patterns for both
configurations. The suspended configuration shows more pronounced fluctuations in
pressure, particularly in the regions between vehicles. This is likely due to the presence
of the suspension gap, which allows for complex flow interactions. In contrast, the un-
suspended configuration exhibits a smoother transitions between high and low-pressure
regions. In Figure 15, which focuses on the wake region of the last vehicle, we observe more
detailed pressure dynamics. The “With Gap” configuration (green line) displays shock
spacing. The unsuspended configuration shows a shorter shock spacing with stronger
shocks. A noticable difference between the two configurations is the sharp terminating
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normal shock in the unsuspended vehicle compared to the more gradual deceleration in
the suspended vehicle.

Figure 14. Cp distribution and contour plot for centered (no gap) and suspended (with gap) configu-
rations of the multi-vehicle system (Xv = 0.25Lv, M = 0.7, β = 0.36).

Figure 15. Flow field at the expansion region for the suspended (with gap) and centered (no gap)
configurations (Xv = 0.25Lv, M = 0.7, β = 0.36).

3.4.2. Shock Wave and Jet Flow Interactions

Figures 16 and 17 demonstrate the Mach number contours for both the centered and
suspended vehicle configurations. In both cases, the Mach number rapidly increases after
the vehicle exit, forming a coherent jet structure that reaches Mach 2.5. As the flow moves
downstream, shock diamonds form due to periodic compressions and expansions.

Figure 16. Flow field at the expansion region for the centered configuration of the multi-vehicle
system (Xv = 0.25LV , M = 0.7, β = 0.36).
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In the suspended model (Figure 17), jet deflection due to the suspension gap becomes
more pronounced. This downward deflection results in increased turbulence and asymmet-
ric flow patterns, leading to additional shock waves and complex interactions between the
jet and co-flows. These interactions create additional shear layers, further contributing to
the turbulence and instability in the flow.

Figure 17. Flow field at the expansion region for the suspended configuration (Xv = 0.25Lv,
M = 0.7, β = 0.36).

3.4.3. Impact of Jet Inclination on Aerodynamics

The jet inclination, influenced by the Coanda effect [47], plays a crucial role in the
aerodynamic performance. The gap causes a downward deviation from the central axis,
resulting in a non-uniform pressure and velocity distribution. This asymmetry extends
into the subsonic mixing and wake region, where the flow takes longer to stabilize, leading
to a more turbulent and dispersed wake. This affects the aerodynamic performance of
subsequent vehicles in a multi-vehicle system.

The impact of jet inclination is highlighted in the Mach number distributions along
three lines (P1, P2, P3) as shown in Figure 18. The downward deflection of the jet in the
suspended model causes the flow to take longer to transition from supersonic to subsonic
speeds (135 m vs. 125 m for the no-gap case), leading to a less efficient flow field.
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Figure 18. Mach isolines and iso-surfaces at M = 1.5 for the suspended model.

3.5. System Performance Evaluation

We evaluated the aerodynamic performance of various system configurations by
measuring the drag force on each vehicle. Chart 1 shows that drag increases with larger
vehicle-to-vehicle distances (Xv). All vehicles experience more drag when suspended, but
this effect lessens as Xv increases.

Chart 1. Drag force of each vehicle at different vehicle-to-vehicle distances.

Table 6 summarizes the drag, thrust, and T/D values for different vehicle spacings
and with/without suspension. Table 7 compares the performance of two models—an
axisymmetric model (without a suspension gap) and a suspended model (with a 75 mm
suspension gap)—at various vehicle spacings (Xv) and Mach numbers (0.3, 0.5, and 0.7).
We present key metrics, including drag and thrust for each vehicle (leading, middle, and
trailing) and system-wide averages for drag reduction.
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Table 6. Effect of vehicle-to-vehicle distance and suspension on drag and thrust forces for the entire
system.

Parameter Xv
Lv

Average Without
Suspension (N)

Average with
Suspension (N) Increment (%)

Drag (N)

0.25 5724 9497 40%
0.5 6035 10,171 41%
1 6731 10,668 37%
2 7825 11,430 38%

Thrust (N)

0.25 15,318 16,513 −7%
0.5 16,534 16,896 −2%
1 16,033 16,821 −4.7%
2 15,809 17,169 −8%

Thrust-to-Drag Ratio

0.25 2.68 1.74 −35%
0.5 2.74 1.66 −39%
1 2.38 1.58 −34%
2 2.02 1.50 −35%

Table 7. Performance of axisymmetric and suspended models of multiple moving vehicle hyperloop.

Axisymmetric Model (No Suspension Gap)

Xv = 0.25LV Xv = 0.5Lv Xv = LV Xv = 2Lv

Mach 0.3 0.5 0.7 0.3 0.5 0.7 0.3 0.5 0.7 0.3 0.5 0.7

Leading
Vehicle 1120 3614 2472 1163 3911 3020 1228 4871 4333 1313 4836 6920

Middle
Vehicle 1118 4069 3448 1196 4320 3721 1250 5432 4465 1273 5014 6733

Trailing
Vehicle 1171 4688 11,251 1199 4774 11,362 1222 6099 11,394 1260 5408 13,100.6

Ref 1326 5300 11,412 1326 5300 11,412 1326 5300 11,412 1326 5300 11,412

Average
Drag 1136 4123 5723 1186 4335 6034 1233.5 5467 6731 1282 5086 8917

Average
Drag/Ref.
Drag (%)

86% 78% 50% 89% 82% 53% 93% 103% 59% 97% 96% 78%

Reduction 14% 25% 50% 11% 21% 47% 7% 1% 41% 3% 4% 22%

Suspended Model (with 75 mm Suspension Gap)

Leading
Vehicle 1118 3614 2711 1162 3910 3454 1227 4870 4393 1313 4836 6920

Middle
Vehicle 1119 4069 3716 1196 4320 4500 1250 5432 4810 1273 5014 6733

Trailing
Vehicle 1175 4688 22,062 1199 4774 22,036 1222 6099 23,129 1260 5408 23,100

Single
Vehicle
(Ref.)

1326 5300 22,633 1326 5300 22,633 1326.7 5300 22,633 1326 5300 22,633

Average
Drag 1136 4123 9496.8 1186 4335 9997 1233.5 5467 10,778.1 1282 5086 12,251

Average
Drag/Ref.
Drag (%)

86% 78% 42% 89% 82% 44% 93% 103% 48% 97% 96% 54%

Reduction 14% 22% 58% 11% 18% 56% 7% −3% 52% 3% 4% 46%

3.5.1. Drag Reduction Analysis Across Different Configurations

Axisymmetric Model (No Suspension Gap): Significant drag reduction was observed
across different vehicle spacings (Xv) and Mach numbers in the axisymmetric model. The
most substantial reduction occurred at the smallest spacing, Xv = 0.25Lv, where close
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spacing between vehicles led to aerodynamic interference, reducing drag by up to 50% at
Mach 0.7. This was due to favorable flow interactions, where the trailing vehicles benefited
from the wake of the leading vehicles, experiencing lower drag.

However, as the spacing increased to Xv = 2Lv, the drag reduction dropped to 22%
at Mach 0.7. With larger spacing, each vehicle was exposed to more independent airflow,
decreasing the aerodynamic benefits from close proximity. This trend held consistent
across other Mach numbers, although the overall drag forces were lower at Mach 0.3 and
Mach 0.5.

In summary, the axisymmetric model performed most efficiently at closer spacings,
where drag reduction was maximized and overall system performance improved.

Suspended Model (75 mm Suspension Gap): The suspended model, which includes a
75 mm gap, showed different drag reduction patterns. While the suspension gap introduced
additional drag, especially on the trailing vehicle, the system still achieved substantial drag
reduction, particularly at smaller spacings. At Xv = 0.25Lv and Mach 0.7, the suspended
model saw a drag reduction of 58%, even higher than the axisymmetric model, despite the
added complexity of the suspension gap.

As in the axisymmetric model, drag reduction decreased with larger spacings. At
Xv = 2Lv, the reduction was 46% at Mach 0.7, still higher than the 22% reduction in
the axisymmetric model at the same spacing. The suspension gap’s more complex flow
interactions likely explain this.

Across all Mach numbers, the suspended model showed a similar pattern of drag
reduction, though the gap’s impact was more noticeable at higher Mach numbers, where
the flow disturbances were more pronounced.

When comparing both configurations, the axisymmetric model generally exhibited
better performance, with lower drag forces and higher efficiency, particularly at larger
vehicle spacings. However, the suspended model performed better at close spacings,
despite its increased drag due to the suspension gap.

Overall, minimizing vehicle spacing was key to maximizing drag reduction in both
configurations. The axisymmetric model remains more efficient, especially as spacing in-
creases, while the suspended model benefits from higher drag reduction at closer distances
but suffers from higher drag penalties due to the gap.

Chart 1 illustrates the drag forces on each vehicle at various vehicle-to-vehicle dis-
tances. In the axisymmetric model, the trailing vehicle experiences the highest drag. The
maximum average drag reduction occurs at Xv = 0.25Lv and Mach 0.7. As Xv increases,
drag reduction decreases, with the smallest reduction being 41%. At lower Mach numbers,
the difference in drag reduction across spacings is less pronounced.

Chart 2 shows that suspended vehicles generate slightly more thrust compared to non-
suspended ones, with thrust increasing as Xv grows. For both the leading and middle vehi-
cles, thrust exceeds drag, but the trailing vehicle experiences higher drag. This suggests that
a traction mechanism could help pull the trailing vehicle, reducing energy consumption.

Chart 2. Thrust force generated by each vehicle at different vehicle-to-vehicle distances.
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3.5.2. Thrust-to-Drag Ratio

The inclusion of a suspension gap results in a significant decrease in the thrust-to-
drag ratio (T/D). For example, at Xv = 0.25Lv, the T/D drops by 35%, from 2.68 in the
axisymmetric model to 1.74 in the suspended model. As Xv increases, the T/D continues
to decline, indicating that the suspension gap has a larger negative impact on drag than
it does on thrust. The drop in T/D is more pronounced at closer vehicle spacings, but it
persists across all configurations, reducing aerodynamic efficiency.

Table 6 summarizes the drag, thrust, and T/D values for different vehicle spacings
and with/without suspension.

3.5.3. Energy Efficiency Implications

The T/D and drag reduction significantly impact the energy efficiency of the Hyper-
loop system. Configurations that reduce drag and maintain high T/D values are more
energy efficient. In the axisymmetric model, closer vehicle spacings (Xv = 0.25Lv) signifi-
cantly reduce drag and keep T/D values high, leading to lower energy consumption. In
contrast, the suspended model, with its 75 mm suspension gap, has much lower T/D values
(e.g., 0.92 at Xv = 0.25Lv and Mach 0.7), resulting in higher energy demands. As spacing
increases, the energy inefficiency becomes more pronounced in the suspended model due
to increased drag and reduced T/D, making it less energy efficient than the axisymmetric
model. Minimizing vehicle spacing and addressing the aerodynamic penalties from the
suspension gap are critical to improving the energy efficiency of Hyperloop systems.

4. Conclusions

This study provides a comprehensive analysis of the aerodynamic performance of a
multi-vehicle Hyperloop system propelled by jets within a low-pressure tube. The analysis
included two configurations: an axisymmetric model without suspension gaps and a
suspended model with a 75 mm gap. The performance of these configurations was assessed
at Mach numbers of 0.3, 0.5, and 0.7, with particular focus on the effects of vehicle spacing
and suspension gaps on drag, thrust, and flow characteristics. Numerical simulations were
conducted using the Reynolds-Averaged Navier–Stokes (RANS) equations, validated by
the DLR hydrogen ejector model and the RAE 2822 airfoil case.

The flow structure around the vehicles revealed significant differences between single
and multiple vehicle configurations. The presence of suspension gaps notably influenced
the flow patterns, particularly at higher Mach numbers (0.7), resulting in complex interac-
tions between compression and expansion waves. The 75 mm suspension gap demonstrated
a pronounced effect, leading to a downward jet inclination, increased turbulence, and more
complex flow structures. This inclination negatively impacted the flow transition from
supersonic to subsonic speeds, contributing to increased drag on the trailing vehicle. The
main findings highlight the following:

1. Vehicle Spacing’s Impact on Drag Reduction: The results show that closer vehicle
spacing significantly reduces aerodynamic drag, particularly at higher Mach num-
bers. At the smallest spacing (Xv = 0.25Lv), drag was reduced by up to 58% in the
suspended model at Mach 0.7, indicating that optimizing vehicle spacing is crucial
for improving system efficiency. The axisymmetric model showed an average drag
reduction between 14% and 50%, depending on Mach numbers and spacings, with
maximum drag reduction occurring at Mach 0.7 and Xv = 0.25Lv.

2. Effect of Suspension Gaps: The inclusion of a 75 mm suspension gap introduced addi-
tional drag, especially on the trailing vehicle, due to jet deflection and flow asymmetry.
While drag reduction was still achieved, particularly at smaller spacings, the overall
thrust-to-drag ratio decreased compared to the axisymmetric model without gaps. At
certain configurations, such as Mach 0.5 and 0.5Lv, a negative drag reduction (−3%)
was observed, indicating that suspension gaps must be carefully managed to avoid
performance degradation.
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3. Thrust-to-Drag Ratio and Energy Efficiency: The axisymmetric configuration, without
suspension gaps, demonstrated the highest energy efficiency, particularly at smaller
spacings. In contrast, the suspended model showed lower thrust-to-drag ratios
due to the increased drag caused by the suspension gap, impacting overall energy
consumption. However, at Mach 0.7 and a vehicle spacing of Lv, the suspended model
showed a maximum drag reduction of 52%, exceeding the axisymmetric configuration.

These findings underscore the importance of minimizing vehicle spacing in Hyperloop
systems to reduce drag and improve energy efficiency. The research also highlights the
challenges posed by suspension gaps, which, while necessary for practical vehicle design,
require further optimization to maintain high aerodynamic performance. Unsteady sim-
ulations, such as Large Eddy Simulation (LES) or Detached Eddy Simulation (DES), are
recommended for future research to better capture the complex transient wake interactions
between vehicles. Additionally, implementing advanced methods like Cascade Ensemble
Learning (CEL) could provide deeper insights into multi-level interactions between vehi-
cles in confined low-pressure environments, further optimizing the system’s aerodynamic
performance and efficiency.
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List of Abbreviations

Av Vehicle area
Atube Tube area
a Speed of sound
D Drag force
Dv Vehicle diameter
dt Time step
Lv Vehicle length
M Mach number
ṁ Mass flow rate
P Operating pressure
R Gas constant
V Vehicle velocity
Xv Vehicle-to-vehicle distance
β Blockage ratio = Av

Atube

γ
cp
cv

= 1.4 for ideal air
ρ Flow density
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