IT City Research Online
UNIVEREIST; ]OggLfNDON

City, University of London Institutional Repository

Citation: Kanaanizade, K., Tatat, M., Guzman-Inigo, J. & Masdari, M. (2025). Passive Drag

Reduction of Hyperloop Pod by Ventilation Ducts. International Journal of Mechanical
Sciences, 299, 110405. doi: 10.1016/j.ijmecsci.2025.110405

This is the accepted version of the paper.

This version of the publication may differ from the final published version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/35229/

Link to published version: https://doi.org/10.1016/j.ijimecsci.2025.110405

Copyright: City Research Online aims to make research outputs of City,
University of London available to a wider audience. Copyright and Moral Rights
remain with the author(s) and/or copyright holders. URLs from City Research
Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study,
educational, or not-for-profit purposes without prior permission or charge.
Provided that the authors, title and full bibliographic details are credited, a
hyperlink and/or URL is given for the original metadata page and the content is
not changed in any way.




City Research Online: http://openaccess.city.ac.uk/ publications@city.ac.uk



http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk

Passive Drag Reduction of Hyperloop Pod by Ventilation Ducts

Khashayar Kanaanizade ?, Massoud Tatar b Juan Guzman-Inigo ©,
Mehran Masdari ¢

% College of Interdisciplinary Science and Technology, University of Tehran, Iran

b Department of Mechanics and Maritime Sciences, Chalmers University of

Technology, Sweden

 School of Science & Technology, City St George’s University of London,
United Kingdom

Key words: Computational fluid dynamics, Aerodynamics, Compressible flow,

Hyperloop, Drag reduction, Ventilation duct

“ Corresponding author:
Email address: mehran.masdari@citystgeorges.ac.uk

1



© 00 ~N o O A W DN -

I N S T el T i o e =
O © O N o U A W N LB O

21

22
23
24
25
26
27
28
29
30
31

Abstract

In this paper, the applicability and efficiency of ventilation duct (VD) as a novel passive
drag reduction method for Hyperloop pod were investigated using 3-D numerical simulations.
Ventilation duct connects the upstream and downstream parts of the pod, increasing the
effective cross-sectional area and reducing drag caused by choked flow between the pod walls
and the external tube. This study introduces an innovative approach to drag reduction in
Hyperloop system by addressing two previously overlooked challenges. First, it overcomes the
constraint of allocating central space exclusively to the passenger compartment by redirecting
ducts along pod shell’s boundary. Second, it enhances spatial efficiency by implementing a
distributed duct configuration. For this purpose, four different design strategies along with six
and eight number of ducts were proposed. The accuracy and validity of the solution were
established through four distinct phases, including two comparisons with different
experimental surveys, numerical research, and an assessment of mesh dependency. Results of
the simulations showed that design strategy type 1 has the best performance in drag reduction.
Only a minor difference in total drag was observed by changing number of ducts. It was
demonstrated that VDs can decrease the total power consumption at all pod speeds with a
maximum reduction of 16% obtained while occupying only 2.5% of the passenger
compartment space. Comparisons of the VD method with compressor revealed that with
identical removed frontal area, VDs achieve greater reductions in power consumption with less

occupation of pod space.

1. Introduction

The ever-growing demand for faster, safer and more environmentally friendly transportation
has driven the development of novel transportation technologies to improve performance in
these criteria. Evacuated tube transportation (ETT) as a plausible solution, has attracted the
attention of industrialized societies in recent decades with an increase in investigations into this
system from 2011 [1-4]. The concept of the ETT was proposed for the first time by Daryl Oster
in 1999 [5]. The scientific principle of the ETT is based on a Magnetic Levitated (Maglev) car-
sized capsule traveling in a closed evacuated tube to reduce aerodynamic drag remarkably [6].
Years later a similar concept was presented by Elon Musk in 2013 named Hyperloop alpha. In
the same manner, Musk proposed a low-pressure environment as a route for traveling while

levitation in Hyperloop achieved by air bearings [7].
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The construction of a sealed and partially vacuumed tube for a levitated vehicle involves a
few key issues. Various critical aspects of both ETT and Hyperloop were studied and analyzed
in several researches ([1], [7-11]). Musk explored the feasibility of this system in terms of
technical aspects and commercial viability which highlights the importance of investigations
on aerodynamic characteristics of the Hyperloop pod [7]. Investigations into the flow structure
of maglev trains passing through tunnels are valuable for determining the guideway needed for
the aerodynamic design of vehicles operating in a vacuum tube. Given that these studies
examine key issues which are prevalent in ETT systems, such as the propagation of pressure

waves within the tunnel [12-15].

However, operating in an enclosed, low-pressure environment at speeds approaching the
speed of sound categorizes ETT systems as a new mode of transportation characterized by
distinctive fluid dynamics phenomena. Thus, many efforts have been made to improve the
understanding of flow structures around a capsule in an ETT-based system, such as Hyperloop.
Several studies combined theoretical methods and numerical simulations to examine various
aspects of compressible flow in transportation systems [16-21]. A 1-D theoretical model was
developed to estimate pressure losses in the Hyperloop system, allowing for a cost-effective
investigation of key parameters [21]. Moreover, the reliability and efficiency of a developed
quasi one-dimensional model for investigations of flow characteristics in both inviscid and

viscous flow was assessed [18].

A few studies have examined the factors that bring this concept closer to practical
implementation. Zhang et al. proposed a divided evacuated tube design, in which the entrance
and exit sections were isolated from the cruise segment, thereby reducing the aerodynamic
energy consumption [22]. The impact of positioning pod stations and transfer points, which
induces tube expansion and contraction, on Mach number distribution and pressure waves
formation was also studied [23]. Furthermore, an experimental study investigated the impact
of a branched tube on pressure waves dynamics [24]. The presence of a crack along the tube
was found to induce the formation of a normal shock wave, increasing the aerodynamic drag

[25].

There are also a few factors influencing the aerodynamic characteristics of the ETT-based
system that were frequently overlooked in other research due to simplifications. An
investigation discovered that the pod eccentricity, originating from a non-ideal pod-tube
arrangement, did not significantly influence drag, although it did affect transverse force [26].

Lang et al. studied the ground effect and found that operating with a reduced suspension gap

3
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results in an increase in both drag and downforce [27]. In contrast, Hu et al. observed no
significant change in drag [28]. Further investigation revealed that an increase in the gap
reduces the drag on the vehicle’s head while increasing both the drag and lift on the tail [29].
The acceleration and deceleration phases of the vehicle movement were also recognized to

influence its aerodynamic drag [30].

A separate group of studies has focused on analyzing the aerothermal effects and
aerodynamic heating of ETT systems [31-34]. The consistent outcome from these
investigations is that choking makes the thermal environment of the tube severe. A recent
review on Hyperloop aerodynamics presents a similar finding, which highlights that studies
exploring the contributors to aerodynamic drag of the capsule have identified choking as the

dominant factor [35].

Numerous studies have investigated the effect of choking and pressure waves propagation
on aerodynamic characteristics of ETT-based systems [17, 20, 36-40]. An experimental
investigation indicated that pressure characteristics of the Hyperloop system can be categorized
into three regimes including fully subsonic flow, transonic flow with formation of a oblique
shock and fully supersonic flow [38]. The transition from regime 2 to 3 causes a reduction in
the rate of drag increase [39]. The shock wave reflections at the tube exit increasing the pod
drag significantly for all blockage ratios [17]. Based on the present literature , and the
Kantrowitz limit theory [41] it is understood that the pod speed and the blockage ratio control

the choking occurrence within the tube.

The impact of operating speed, blockage ratio (BR) or both, on aerodynamic characteristics
of a tube train system has been investigated by several studies [16, 18, 42-50]. Their findings
indicated that an increase in blockage ratio causes more power consumption due to a decrease
in bypass cross-sectional area and generation of shock waves [43, 47]. Under constant BR
conditions, it was determined that the pod drag increases with speed until a critical point is

reached, where changes in the pressure wave pattern at the pod tail occur. [16, 44].

The internal tube pressure was also studied as another influential parameter on aerodynamic
drag of the capsule [43, 45,47, 51, 52]. It was discovered that the drag experienced by a vehicle
traveling in a vacuum tube is linearly related to the tube pressure. [43]. Preserving the internal
tube pressure on a specific level was detected as a plausible way by which total drag can be

controlled [45].
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Although depressurizing the internal tube airflow can significantly reduce the drag, it can
be highly exorbitant and beyond a specific level more evacuation is not accessible. As a result,
several active and passive drag reduction methods have been proposed by the researchers to
deal with this issue. These methods can be categorized into two main groups. The first group
focuses on fundamental examination of the capsule or pod geometry among which particular
attention is given to shape modifications of the nose and tail-part [53-60]. It discovered that
changing the tail and nose design did not have a significant impact on drag of the pod [55].
Contrary to Le results, other studies have demonstrated that changing the nose [56-58] and tail
[56] shapes affects aecrodynamic drag, while the tail design has a more significant influence
than the nose. Increasing the pod length expanded the wake region and shifted the separation
point forward [61]. Bruan et al. optimized lift generation and minimized drag by mitigating
choking and delaying flow separation [62]. Geometric parameters adjustments were used to
cause earlier transition near the pod nose, resulting in a separation delay and reduction of
pressure drag [63]. An optimized pod model was introduced to minimize drag by reducing the

pod frontal area and forcing the laminar-to-turbulent transition closer to its front. [64].

As well as geometry modifications, there are a few alternative drag reduction methods that
are categorized as the second group. Examination of pressure recycle ducts (PRD) showed that
they can reduce differential pressure between the head and tail of the train [65]. Adding cross
passages between parallel tunnels only in some cases caused drag reduction [66]. Utilization
of an axial channel had minor effect on pressure drag and the contribution of an axial channel
with a radial gap caused a decrement in friction drag [67]. Different arrangements of plasma

jets on train surface can cause a delay in flow separation and reduce its aerodynamic drag [68].

Throughout the review of drag reduction methods for the ETT-based systems like
Hyperloop, employment of a compressor seems to work more efficiently than the rest. This
method was proposed for the first time by Musk in the White paper [7]. Later Wang et al.
explored the effect of adding a compressor in front of the nose, which showed an effective
reduction in drag [56]. Lluesma-Rodriguez et al. discovered that the inclusion of a compressor
in the pod reduced energy consumption for blockage ratios and speeds higher than 0.5 and 500
km/h respectively [69]. A new perspective for evaluation of the compressor performance was
presented by Bizzozero et al., emphasizing total power consumption (P;,) despite regarding
only drag reduction. They found the compressor effective only at high BR and Mach numbers,

while at lower speeds, it increased P, [70]. Three-dimensional numerical simulations
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revealed that the compressor’s efficiency dropped significantly when the tube pressure was

lowered [71].

Although all previous methods were effective in reduction of drag, they have shown limited
effectiveness and efficiency across varying conditions, such as different pod speeds. Despite
the acceptable reduction of power consumption obtained using compressor, a number of
limitations remain that are detailed in the following. As outlined in a recent review paper, none
of the surveys on airflow passage within the pod body took into account how airflow passes
through the body [35]. That is, they either overlooked a pathway for airflow transfer or used
an overly simplified one. For instance, the research carried out by Bizzozero et al. [70]
considered flow pass through a duct located at the center of the pod. However, this approach is
impractical due to excessive space occupation and neglect of passenger seating. This issue can
be solved by constructing a curved pathway to devote enough space for passengers or cargos,
similar to the design presented by Chin et al. [11]. However, a drop in flow total head is
expected by traveling a longer and turned route, negatively affecting power consumption

reduction.

As highlighted in a recent review paper, none of the surveys on airflow passage within the
pod body considered how airflow moves through it. That is, they either overlooked a pathway

for airflow transfer or used an overly simplified one.

Moreover, pod drag is mostly influenced by the intensity of accumulated air in front of the
pod and the presence of the wake [7, 46, 56, 63]. Thus, enhancing momentum of the exhaust
airflow reduces the intensity of the wake which further reduces the drag. Nevertheless, direct
transfer of compressed air to the rear of the pod, which would maximize energy preservation
and drag reduction, is unattainable. Consequently, the actual efficiency of using a compressor

is lower than that of reported in previous studies [69, 70].

Additionally, employment of a compressor imposes extra power consumption on the
Hyperloop system. Therefore, an increase in total power consumption occurred in cases where

the power consumption of the compressor dominated over the reduction in drag.

The limitations of the existing approaches are addressed in this research by considering a
method in which power consumption is reduced while ensuring that sufficient space for
passengers or cargo is available inside the pod. Investigations among drag reduction methods
highlighted the potential of ventilation duct to meet these objectives. This method is inspired

by an old survey in which a ventilation duct (VD) was utilized as a passive drag reduction tool
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for elongated bluff bodies [72]. This approach was first introduced by G.E.A. Meier, who
proposed decreasing the pressure gradient by crossing a circular duct exactly at the centerline

of bluff bodies [73].

In this paper, various duct arrays on the Hyperloop pod are studied with the aim of
minimizing drag while preserving the internal space of the pod with minimal space usage. Four
design strategies are proposed to evaluate the significance of using a realistic method for flow
transfer and to monitor how the locations of flow intake and discharge affect its efficiency.
Strategies are designed by changing the intake and exhaust positions of the ducts. In addition,
the impacts of duct numbers and their diameters on the quality of flow transfer are explored.
Finally, the efficiency of the present method is compared with the utilization of an axial

Compressor.

This article is structured as follows. In Section 2, importance of the bypass space is
explained. The employed numerical approach is described in Section 3. Furthermore, this
section discusses how shortcomings of previous drag reduction methods are covered through
the adaptation process and new designs are presented. Accuracy approval of the employed
numerical solution, validation and verifications are discussed in Section 4. Results, analysis

and conclusions are followed in Sections 5 and 6 respectively.

2. Bypass Space

In ETT-based systems, like Hyperloop, the bypass space, the area between the pod and the
tube, plays a critical role. This issue can be explained by the Isentropic and the Kantrowitz
limit. Based on isentropic relations it can be demonstrated that for flow of a perfect gas through
a convergent-divergent duct (C-D duct), there is a defined cross-sectional area, named the
throat, below which sonic condition is reached (i.e. Mach = 1). Whenever this state is met,
choking occurs. Through isentropic relations Eq. (1) can be derived where y is the specific heat
ratio, Ma is the relative pod velocity to the speed of sound and BR is the blockage ratio that
represents the ratio of the pod to tube cross-sectional area. Notably, flow behavior through the
bypass space in the Hyperloop system is similar to that of a C-D duct. Therefore, Eq. (1) also
can be used for the investigation of choking occurrence in the Hyperloop system. The details
for the derivation of Eq. (1) are explained in Appendix A.

y+1

_1_ y+1 20-1) 1
BR = 1-Ma|g 2. Q)
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Under isentropic conditions, this relation is reliable. However, by emergence of shock
waves, the relation of normal shock wave [41] should be employed to establish a Mach-area
correlation. In the Hyperloop system, subsonic pod speeds (Ma < 1) result in a shock-free flow
around the pod before the throat exit [48]. Under these conditions, the isentropic relation (Eq.
(1)) is sufficient to determine whether the flow is choked or not. When choking occurs, flow
starts to accumulate in front of the pod leading to a substantial increase in drag. Choked flow
conditions are illustrated graphically in Fig. Al, provided in the supplementary material
(Appendix A). To avoid choking the bypass area can be increased. However, it is not
economically feasible due to the higher costs of larger tubes construction [11]. Consequently,

a new approach is presented in this study to deal with the challenges of choking and space.

3. Methodology

This section primarily describes geometry of the base pod design and constraints associated
with implementing the ventilation duct method. Subsequently, Section 3.2 outlines how these
limitations were addressed through adaptation procedure and design parameters including
design strategy and duct numbers are introduced. The computational domain and boundary
conditions are described in Section 3.3. Details of the numerical scheme, basic assumptions
and selection of the turbulence model is presented in Section 3.4. The last section expresses the
sizing strategy and refinement approach used for mesh generation at different stages of this

study.
3.1. Base Design

A preexisting model introduced by Bizzozero et al. [70] was chosen as the base pod design.
Using this model allows us to compare the efficiencies of a compressor and VDs in terms of
power consumption and space occupation. Tube radius is set at 1.1 m matching the dimensions
of the EuroTube design [74]. As the present study focuses on pod drag reduction, particularly
in choked flow conditions, blockage ratio of 0.6 is chosen because it allows choking to occur
across a wide range of free-stream Mach numbers while also including a non-choked case.
Thus, ventilation duct efficiency, is evaluated under both choked and non-choked conditions.
The pod radius is determined to be 0.85 m using Eq. A.3, provided in the supplementary
material (Appendix A). Other parameters of the geometry are calculable due to their relations

with the pod radius [70].

The implementation of the VD method in Hyperloop design faced two important

restrictions. One key issue was that the ventilation duct could not pass directly along the

8



221
222
223
224
225
226
227
228

229

230
231
232
233
234
235

236
237
238
239
240
241

242
243
244
245
246
247
248
249
250
251

centerline of the Hyperloop pod, as intended in its original concept [73], and depicted in Fig.
B1, provided in the supplementary material (Appendix B). The second challenge was the size
of the VD. Various values for the vented area were considered in previous studies [75, 76],
where 2.25% and 2.78% of bluff bodies frontal area were more common. As a quantity between
former studies, 2.5% of the pod frontal area (A,,4) was admitted. Given that A,,4 is 2.28 m?
(based on calculated radius of 0.85 m), the VD diameter was determined to be 27 cm. However,
this size is disproportionately large for a pod with a 1.7 m diameter, occupying 10% of the

passenger compartment.
3.2. New Design

To overcome the first limitation, the ducts were proposed to be routed through the pod walls.
In this way, only a thin layer of the pod walls was designated for their passage. The second
restriction was solved by using multiple ducts with smaller diameter. These solutions lead to
designs with multiple ducts positioned along the edge of the pod hull, effectively isolating the
passenger section from the flow transfer line. In the present study, the mid-part of the pod was

regarded as the passenger section.

The effective position for VDs inlet is towards the stagnation point where flow has the
maximum total pressure. As well as this, the wake structure is expected to be disrupted more
effectively when the discharged flow is against the center of the wake. As a result, simulations
of some cases, in which ducts are directed from the stagnation point to the wake center, were
suggested to investigate the efficiency of displacing the duct inlets and outlet. These three steps

are referred to as the adaptation procedure in this study.

The third suggestion of the adaptation procedure results in the generation of four design
strategies based on radial distance (R) of the duct inlets and outlet from the centerline of the
pod. Two values were considered for their distances including 0.73 m as the maximum and 0.2
m as the minimum distance. By permutation of these configurations for each of the duct inlets
and outlet, four design strategies are produced as summarized in Table 1. The number of the
ducts (N,) is set to two arbitrary values which are 6 and 8. Thus, a total of eight distinct duct
configurations were proposed by applying each design strategy (DS) for both 6 and 8 ducts.
Side and frontal views of all four design types for N; = 6 are shown in Table 2. Each
configuration is labeled with two numbers. The first number indicates the number of the ducts

and the second refers to the design type listed in Table 1.
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Table 1. Design strategies for ducts inlet and outlet. The maximum and minimum indicate the radial distance of 0.73 and 0.2

from centerline of the pod respectively.

Design Strategy | R-coordinate of inlet | R-coordinate of outlet
Type 1 Maximum Maximum
Type 2 Minimum Maximum
Type 3 Maximum Minimum
Type 4 Minimum Minimum

Table 2. Side and frontal view of the pod with 6 number of ducts in 4 design strategies. The configurations are labeled with

two numbers: the first one indicates the ducts number and the second represents the design strategy, as listed in Table 1.

Configurations Side view

Frontal veiw

Design 6.1

Design 6.2 G

Design 6.3 | ‘ '

Design 6.4 s

The diameter of the VDs was calculated based on the removed frontal area of the pod, as
explained in Section 3.1. Consequently, diameter of each duct for N; = 6 and 8 are 0.0475 m
and 0.055 m respectively. Ducts are spaced equally from each other and their distance is
determined by the angle 8, as shown in Fig. 1. In this study, 6 was assumed to be a constant

value of 25.7°.
3.3. Computational domain and boundary conditions

As depicted in Fig. 1 the whole geometry is symmetric with respect to the x-y plane (i.e. z
=0). As a result, three-dimensional (3-D) symmetrical simulations were held for the rest of the
research. The length of the domain is 40 m. For BR = 0.6, the pod length is about 9 m and the

downstream region of the pod is about 21 m. This downstream length was discussed to be
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sufficient for accurate calculations around the pod [70]. The pressure and temperature of the

air inside the tube was set 0.1 atm and 300 K respectively.

(a) //7///)’9
Pod direction g
/ =

o

[ ﬁ ' ]

Fig. 1. Three-dimensional view of the (a) pod, tube and (b) pod design 6.3. (c), (d) Cross-sectional views of the front and rear

of the pod and tube, with a removed area equal to 2.5% of the pod’s frontal area. The diagrams indicate the radial distance of

the duct inlets and outlet from the pod centerline (R) and the angular spacing between them (8).

In Fig. 2 computational domain and boundary conditions are shown. The moving wall
boundary condition was used for the tube wall. The mass flow rate was imposed for the inlet.
At the outlet, the static pressure was used to conduct solution for pressure field calculation. No

slip conditions were imposed on the walls of the tube, pod and VDs.

Mass flow inlet /' No-slip wall Pressure outlet

== = = Jum X

~ fossm  ss2m )

o

10m \‘ No-slip Moving wall 30m
(x=0)Z& X

Fig. 2. Computational domain and boundary conditions for design 6.3. The shown geometry and boundary conditions are
illustrated on a cross-section of the x—y plane. The same domain and boundary conditions are applied to all other design

configurations.
3.4. Numerical method

The Navier-Stokes equations were solved based on finite-volume method using the
commercial CFD code STARCCM+. The second-order upwind scheme was used for
discretization and the coupled flow solver with pseudo-time marching approach was employed.
The steady-state assumption was taken following the outcomes of [46, 48]. Since the flow
Mach number in all simulations is locally higher than 0.3, the fluid is assumed to be an ideal
gas to account for compressibility. Sutherland’s law was used for the determination of the air
dynamic viscosity [37, 53]. Roe’s flux-difference splitting scheme [77] is used for the

evaluation of the inviscid flux. The Reynolds number (Re) is calculated based on the relation

11
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of Re = pvL/u in which p (density) is derived from the equation of state, v is the pod velocity
in each case, u is the dynamic viscosity of air. The characteristic length (L) is defined as the

hydraulic diameter (D, = D; — D,) where D, and D, are tube and pod diameters

respectively. By these considerations, Re ranges from 2.2 X 10° to 9.9 x 10°. In this range

flow is fully turbulent.

Three different turbulence models were employed to examine their capability on more
realistic flow field computation compared to the experimental data. They include realizable
k — ¢ two-layer [78, 79] (RKE2L), elliptic-blending lag k — € [80] (EBLKE) and shear stress
transport k — w [81] (SST KO). Among the recommended models, the EBLKE model had the
least error in the validation phase two (presented in Section 4.3) and had acceptable results in
both the other validation phase (described in Section 4.2) and verification phase (presented in

Section 4.4).
3.5. Meshing strategy

An identical mesh setup was used for all designs. Prism layer meshes were used for the
regions close to the pod and duct walls and hexahedral cells for the regions far from the pod.
A multi-level refinement approach was employed, refining the cells of five regions: the inner

part, outer parts 1 and 2, the wake region, and the ducts area, as shown in Fig. 3.

(a) ,_Irlnfr_Pirt ________ > O_ut_(_er Part 2

Fpy T

Fig. 3. Mesh visualization of the refined volumes around pod design 8.4 on the symmetry plane (z = 0) showing: (a) the inner
part (cells are halved twice), outer part 1 and 2 (cells are halved one time), (b) wake region (cells are halved three times), (c)

the internal region of the top VD (cells are halved four times).

The cell sizes decrease by half with each level of refinement as one moves from the inlet and
outlet towards the pod location. Using a mesh dependency analysis, described in Section 4.1,
a base size of 0.19 m for the region far from the pod was chosen for the rest of the simulations.
The prism layer mesh was generated with a first cell height of 0.015 mm, stretch factor of 1.3

and 22 layers.

12



315 4. Validation and Verification

316 In this section the validity of the employed numerical scheme is established through four

317  distinct validation and verification phases. Section 4.1 presents the verification of mesh

318 independence for design 8.4 at Mach number of 0.4. The first validation phase, described in

319  Section 4.2, demonstrates the accuracy and validity of compressible flow calculations. Section

320 4.3 discusses the validation against an experimental study conducted to assess the accuracy of

321  the numerical solution within the ducts, as duct diameters are significantly smaller than

322  diameter of any conduits in the domain. Finally, verification of the base pod design is detailed

323  in Section 4.4.

324 4.1. Mesh independence analysis

325 This verification phase studied independence of the computational mesh for design 8.4 at

326 Mach number of 0.4. Three mesh configurations were considered namely coarse, medium and

327  fine for this aim. To refine the meshes, the size of the cells in every zone is halved, as detailed

328  in Table 3. Since drag reduction is the primary goal of this study, the variation in the drag

329  coefficient (C,;) was regarded for this analysis.

330 Table 3. Details of mesh sizes and calculated C; for mesh independence verification for design 8.4 at Ma = 0.4.
dlzilessi?y Base cell Oui[e(r&pza ™S 1 Inner Part Ducts Wake nzt(ﬁgi:r C, | Differences
Coarse | 0.38mm | 0.19mm | 0.095mm | 0.0304 mm | 0.0475 mm 065 9.35 3.09%

million
Medium | 0.19 mm | 0.095 mm | 0.0475 mm | 0.0152 mm | 0.0237 mm | 2 million 9.1 0.33 %
Fine 0.095 0.0475 0.0237 mm | 0.0076 mm | 0.0119 mm | 9 million | 9.07 -
mm mm

331 The refinement length for the wake zone was assessed by examining four different values

332 (0.3,0.6, 0.9, and 1.2 m) at Ma = 0.2, 0.4, 0.6, and 0.8. A maximum difference of 0.5% was

333  observed for lengths beyond 0.6 m, confirming that 0.6 m is sufficient for reliable calculations.

334  The drag coefficient with the fine mesh changes so slightly in comparison to the medium one.

335  Thus, the medium mesh was used to diminish computational costs while keeping the accuracy

336  of calculations. Reliable calculation for near wall region was ensured by keeping the

337  dimensionless wall distance parameter (y+) close to 1.0. Distribution of y+ for walls of the pod,

338  tube and the top VD are separately plotted in Fig. 4.

13
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Fig. 4. Distribution of the dimensionless wall distance parameter (y+) on walls of the pod, tube and top VD for design 8.4 at

a Mach number of 0.4. A schematic of the geometry is shown at the bottom of the graph, below the zero mark on the y-axis.

4.2. Validation with experimental test phase one

The computational approach was validated by simulating an experimental test [82]
involving various compressible flow phenomena, such as the generation and reflection of shock
waves within a confined channel, which is a critical feature of the flow structure in the
Hyperloop system. Test section of the experiment is a rectangular channel where a wedge is
located at the bottom wall. The computational domain and boundary conditions are shown in
Fig. 5(a). As the whole domain was symmetric respect to the x-y plane (z = 0), computations

were done for half of the domain by employing a symmetry boundary condition.

The validation was conducted quantitively by comparison of the non-dimensional pressure
distribution on bottom and top wall of the channel, as shown in Fig. 5(c-d). The calculation
results for both the bottom and top surfaces show good agreement with the experimental data,
accurately capturing most data points and correctly following the trend of pressure variation.
Moreover, a qualitative comparison was made to show the accuracy of locations of the captured
shock waves and their reflections which is demonstrated in Fig. 5(b). The locations of the shock
waves and their reflections are calculated with high accuracy, with only minor deviations.
Furthermore, both quantitative and qualitative comparisons were made with the 2D simulation
results by Li et al. [82]. While the qualitative features are comparable, the present results show
noticeably better quantitative agreement with the experimental data than those reported by Li
et al. To ensure that numerical discrepancies were not caused by mesh resolution, a mesh
independence analysis was conducted for this validation case. The methodology and results are

provided in the supplementary material (Appendix B). Based on this validation, the accuracy
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of the employed numerical scheme in calculating compressible flow with shock wave

formations is demonstrated.
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Fig. 5. Validation phase one: comparison with experimental test of a compressible flow inside a confined channel [82]. (a) The
computational domain and boundary conditions of the numerical model. (b) Qualitative comparison of shock wave locations
and their reflections between schlieren images from experimental test, the CFD results by Li et al., and the present simulation.
(c) Comparison of the non-dimensional pressure distribution along the bottom and (d) top surfaces of the channel among the

experimental data, the calculations by Li et al., and the present simulation.

4.3. Validation with experimental test phase two

In the second phase of validation, the accuracy of the numerical scheme used for
calculations inside the ducts was confirmed. To the best of the authors’ knowledge, no
experimental study has investigated a high-compressible flow under Hyperloop pod conditions
involving a ventilation duct. Therefore, a case investigated by Grosche et al. [76], covering the
whole range of Reynolds numbers studied in this research, was selected for this purpose.

Details of the geometry are presented in Fig. C1, provided in the supplementary material
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(Appendix C). A three-dimensional simulation was conducted in which the vented body was
positioned in a rectangular channel with the same cross-sectional area as the wind tunnel test
section. The boundary conditions and computational domain are shown in Fig. 6(a). Three
turbulence models (RKE2L, EBLKE and SST KO) were employed to evaluate their accuracy
in calculation of drag coefficient (Cy) of the vented bluff body. To eliminate mesh resolution
as a potential source of numerical variations, a mesh independence study was also conducted
for this phase of the validation, with details provided in the supplementary material (Appendix
C). Fig. 6(b), shows the comparison between the results of the experiment and three numerical
simulations with different turbulence models are presented. The EBLKE model provided the
least error in the whole range with maximum error of 13% while for RKE2L and SST KO they

were 21% and 38% respectively. Thus, the EBLKE model was used for the rest of the analysis.
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Fig. 6. Validation phase two: comparison with experimental test of a bluff body with ventilation duct [76]. (a) The
computational domain and boundary conditions of the numerical model. (b) Comparison of the drag coefficient (C,;) between
the experimental data and the present numerical results, obtained using three different turbulence models (as described in

Section 3.4), over a wide range of Reynolds numbers (Re).
4.4. Base model verification

As explained in Section 3.1 the base pod model introduced by Bizzozero et al. [70] was

chosen to make a comparison between the compressor and ventilation ducts (VDs) efficiencies.
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Therefor, the results of the present study and simulations of the previous research were
compared over a wide range of Mach numbers to verify the Hyperloop base pod design. The
previous study conducted two-dimensional axisymmetric simulations using the realizable k —
¢ turbulence model while the present research studied the flow field around the pod in a three-
dimensional symmetric configuration employing the elliptic-blending lag k — € model. Fig. 7
compares drag coefficient (C,) calculations from both studies. Their difference is less than 5%,

demonstrating the validity of the chosen numerical approach for the base pod design

simulations.
10 — .
F= =
/ N
8l 4 R « 1
4 X
f %
i ] &
o 6t § Ty
§
i
4 f R
i
J — ®— Calculation by Bizzozero et al.
2F — o— Present Simulation -
0.2 0.4 0.6 0.8 1.0

Mach number

Fig. 7. Verification of the numerical scheme for the base model of the Hyperloop pod (i.e., the design without VDs) at BR =
0.6. The drag coefficient (C,) calculated from the present simulation using the EBLKE turbulence model is compared with the

results of a previous study employing the RKE2L model [70]. The turbulence models are described in Section 3.4.

5. Results and Discussion

This section focuses on the effects of new designs on drag reduction and modifications in
flow structure. Section 5.1 presents an analysis of the flow structure around the base pod design
(i.e., the pod without VDs) and identifies the key factors contributing to drag. The impacts of
design strategies, duct numbers and diameter are studied in Sections 5.2 and 5.3. Reasons for
the occurrence of maximum drag reduction at critical Mach number are presented in Section
5.4. Ultimately, the VDs efficiency in reducing total power consumption is compared to that of

a compressor in Section 5.5.
5.1. Base pod design

While the flow structure around the base model has been examined in several studies [16,

39, 70], this section introduces features that demonstrate the potential of the VD method as a
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drag reduction approach in the Hyperloop system. The Hyperloop pod drag is significantly
affected by flow choking [70]. To describe its impact on aecrodynamic drag, three flow regimes
were defined based on the pod speed [16, 39]. The corresponding speed ranges vary with the
blockage ratio, as determined by the isentropic limit. Accordingly, this study employs the
critical Mach number (Ma,, )—the free-stream Mach number at which flow choking occurs—
as a variable to distinguish between the different flow regimes. Based on Eq. (1) and
considering a blockage ratio of 0.6, the critical Mach number is 0.24. However, due to the
presence of a compression wave formed ahead of the car, the actual critical Mach number is

slightly higher, at 0.26 [48].

For Ma < Ma,,, the flow around the pod remains fully subsonic, and no shock waves are
formed. In this regime, drag is primarily caused by the pressure drag at the pod tail due to wake
formation. For speeds exceeding Ma,, the flow regime is characterized by the formation of
shock waves. Specifically, the presence of a normal or oblique shock on the pod tail defines
the second regime. In this regime, the mass flow rate (m) through the bypass space reaches its
maximum due to flow choking. Consequently, excess mass flow accumulates ahead of the pod,
increasing drag compared to non-choked conditions. Moreover, as in the subsonic regime,

wake formation continues to significantly contribute to pressure drag.

The last flow regime is characterized by the propagation of oblique shock waves
downstream of the pod, where the interactions between reflected shock waves and the trailing
vortical structures disrupt the vortex formation at the pod tail, resulting in a diminished wake
region. Therefore, for cases in this flow regime, the pressure build up ahead of the pod becomes
the dominant contributor to pod drag. In the present study, this flow regime was observed at
Mach numbers of Ma > 0.6. A representation of the flow structure for each flow regime is

shown in Fig. D1, provided in the supplementary material (Appendix D).

Given the function of ventilation duct, it can effectively reduce drag across all flow regimes.
In supersonic regimes (i.e. Ma = Ma,,), VDs can remove a portion of the accumulated air in
front of the pod, thereby lowering the upstream pressure, which contributes most significantly
to the total drag. In subsonic regimes (i.e. Ma < Ma,,.), VDs can increase the pressure in the

wake region by transferring upstream, thus reducing the tail pressure drag.

Fig. 8 shows the pressure coefficient profile along the base pod model and design 6.1,
illustrating how the VDs modify the pressure field along the pod. A pressure reduction ahead
of the pod is caused by the employment of VDs, as shown in Fig. 8(b) (blue box). Additionally,
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the flow discharged from the duct outlets increases the pressure over the tail and further
downstream, as depicted in Fig. 8(c) (red box). The strength of the oblique shock also decreases

due to the reduced pressure difference across the shock.

Fig. 9 illustrates the effect of VDs on circumferential pressure field both upstream and
downstream of the pod by comparing pressure coefficient distribution on cross-sectional
planes located at x = -0.06, 0.06, 0.94 and 1.06 L,,4. A comparison between Fig. 9(c) and Fig.
9(g), as well as between Fig. 9(d) and Fig. 9(h), reveals a reduction in the pressure field ahead
of the pod due to the use of VDs. Likewise, comparisons between Fig. 9(e) and Fig. 9(i), and
between Fig. 9(f) and Fig. 9(j), indicate a corresponding pressure increase downstream of the
pod. As expected, the VDs reduce the pressure upstream of the pod by drawing flow from this
region and redirecting it toward the wake, where it is low-pressure. This redistribution of flow
increases the pressure in the wake and consequently reduces the overall pressure gradient

between the nose and tail of the pod, resulting in a significant drag reduction.
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Fig. 8. (a) Comparison of the pressure coefficient profile upstream, downstream, and along the pod between the base design
(i.e., without VDs) and design 6.1 at Ma = 0.3. Model identification is labeled as referenced in Table 2. (b) Magnified view
showing duct inlets positions and the effect of VDs on the pressure field ahead of the pod (blue box). (c) Magnified view
showing the positions of duct outlets and the impact of VDs on the downstream pressure (red box), indicating a reduction in

shock strength due to the use of VDs.

5.2. Effect of design strategies

The reduction of drag obtained by each new design for a wide range of Mach numbers is
reported in Table 4. The results are divided into two categories based on the number of ducts
(six and eight). Within each group, DS type 1, i.e. designs 6.1 and 8.1, achieved the largest

reductions in drag compared to other design strategies. Since similar findings appear across
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design strategies in group 2 (i.e. designs with N; = 8), the impact of design strategies on drag

reduction is analyzed only for group 1.
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Fig. 9. Pressure coefficient comparison between (a) the base model and (b) design 6.1 along the pod at Ma = 0.3. Model
identifiers are listed in Table 2. Pressure coefficient distributions at various cross-sectional planes are shown for (c—f) the base
design and (g—j) design 6.1. The first two planes, located ahead of the nose and at the nose of the pod, are positioned at
longitudinal distances of -0.06 and 0.06 Ly, from the pod nose respectively. The third and fourth planes, situated at the pod

tail, are located at 0.94 and 1.06 L4 respectively.

Table 4. Calculated drag reduction rate for different configurations of VDs and Mach numbers (%)

Design Type/ Mach Number 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Design 6.1 Ryt Max, Ryt Max | -5.8 | -122 | -74 | -6.6 | -52 | -51 | -53 | -53

Design 6.2 Ri;,: Min, Ry Max | -4.7 | -10.7 | -6.8 | -59 | 45 | 45 | -46 | 4.6

6 Ducts
Design 6.3 Ri;: Max, Ryye: Min | -4.5 | -11.0 | -7.0 | -59 | 47 | -46 | -47 | 4.7
Design 6.4 R;,: Min, Ryyp: Min | -3.2 | 97 | -63 | -54 | 41 | 41 | 41 | 42
Design 8.1 R;,: Max, Ryye: Max | -5.1 | -11.5 | -6.9 | -6.0 | -49 | 48 | -5.0 | 4.9
Design 8.2 R;,: Min, Ry, Max | -3.7 | -10.1 | -63 | -54 | -44 | -43 | 44 | 43
8 Ducts

Design 8.3 R;,: Max, R,yp: Min | -3.3 | -104 | -6.6 | -5.7 | -43 | -43 | 42 | 43

Design 8.4 R;;,: Min, R, ;4 Min | 2.5 | 9.1 | -59 | -51 | -39 | -39 | -39 | -3.8
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To figure out why DS type 1 has achieved greater drag reduction, it is preferable to study
the effect of each strategy on drag variations for each part of the pod individually. Fig. 10
illustrates the ratio of pressure drag coefficient (Cyy,) for each part on pod total drag coefficient
(Cq¢) for design 6.4. The results reveal that the nose and tail pressure drag contributed
significantly more to pod total drag compared to the pressure drag of the mid-part and VDs,
which had a minor impact. As a result, the rest of the study focuses on pressure drag variations

of the nose and tail to evaluate the effects of the new designs on pod total drag.

40%

20% |- 0.1%

0 0.0% —==

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
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Fig. 10. Ratio of pressure drag contribution from different parts of the pod—including (a) the nose and tail, and (b) the mid-
section and ventilation ducts (VDs)—relative to the total drag of the pod for design 6.4 across various Mach numbers. The
mid-section corresponds to the passenger compartment of the pod. Model configuration is identified as design 6.4, with details

provided in Table 2.

Fundamentally analyzing, in the Hyperloop system pressure drag is significantly affected
by the wake [46] and accumulated air as a result of choking [7]. The wake influences the tail
drag while the second source impacts the nose drag. As shown in Fig. 10, the variation of nose
and tail drag contributions with increasing Ma follows a typical trend. Additionally, for Ma =
0.2, air accumulation does not occur, as explained in Section 5.1, and a larger share of the total
drag originates from the wake. Consequently, the variation in pod drag for cases in the subsonic
flow regime (i.e., Ma < Ma_,) can be explained by investigating the influence of VDs on the
tail pressure drag.

5.2.1. Nose pressure drag variation

Fig. 11(a) illustrates that DS type 2 and 4 (i.e. design 6.2 and 6.4) which draw the flow from
tip of the nose, caused a lower reduction in pressure drag of the nose compared to DS type 1
and 3 (i.e. design 6.1 and 6.3). The variations on pressure distribution over each part of the pod,
caused by different design strategies directly correlates with the change on pressure drag of

each part. Thus, impact of each design on pressure distribution over the pod nose are compared
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in Fig. 12. Designs 6.2 and 6.4 result in a higher pressure reduction only in a small region at
the nose tip, adjacent to their duct inlets, as shown in Fig. 12(b). However, this reduction is not
comparable to that achieved by designs 6.1 and 6.3, particularly within the range 0 <x/L,,q <
0.12 which corresponds to half the nose length. This confirms the expectation from the VDs
described in Section 5.1, as designs with a higher capability to reduce pressure upstream of the
pod result in a greater reduction in pressure drag. Furthermore, Fig. 12(d) shows that although
the duct inlets in designs 6.1 and 6.3 are not toward the stagnation point, they still cause a
pressure drop at the nose tip, similar to the other two designs. This analysis reveals that the

reduction in nose pressure drag is not solely dependent on the position of the duct inlets.
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Fig. 11. Pressure drag reduction at (a) the nose and (b) tail of the pod by different design strategies across various Mach
numbers. The comparison highlights the effect of each individual design strategy and illustrates variation of VDs efficiency
with increasing Mach numbers. Design models incorporate 6 ducts using DS types 1-4. Model identifications are provided as

in Table 2.

As discussed in Section 5.1, air accumulation resulting from choking contributes
significantly to the nose pressure drag in the supersonic flow regime (i.e., Ma = Mag,).
Therefore, it can be inferred that under choking conditions, redirecting more airflow away from
the front of the pod leads to a greater reduction in nose pressure drag. To understand which DS
has taken more of the upstream flow, analyzing the variation in momentum coefficient (C,,) at
the duct inlets is advantageous, since it directly correlates with pressure drag in flow control
methods like suction and injection [83]. It is defined as Eq. (2), where m is the mass flow rate,
v is the velocity, p is the density of air inside the tube, U is the free-stream velocity and Ay ¢
represents the frontal area of the pod. Total values of momentum coefficient at duct inlets in
each DS are compared in Fig. 13(a). Higher values of momentum was captured by design 6.1

at all Ma, in which VDs are positioned based on DS type 1, i.e., it has demonstrated superior

22



536
537

538
539
540
541
542

543
544
545
546

capability in natural transfer of airflow from the pod front. Hence, it has brought a higher

reduction of pressure drag in comparison to
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Fig. 12. (a) Quantitative comparison of pressure coefficient distribution on the pod nose at Ma = 0.4, between the base design

and four design strategies, each featuring 6 ducts. The configurations are labeled as referenced in Table 2. (b), (c) Magnified

views of the pressure coefficient distributions indicated by the blue and red boxes in (a). (d) Qualitative comparison of pressure

distribution over the nose surface, highlighting changes in
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Fig. 13. Comparison of momentum coefficients (C,) at VD (a) inlets and (b) outlets for various design strategies across a range

of Mach numbers, indicating the effectiveness of each DS in facilitating flow transfer through the VDs, with higher momentum

coefficients indicating improved performance. Model configurations are specified as listed in Table 2.

23



547
548
549
550
551
552
553

554
555
556
557
558
559

560
561
562
563
564
565
566
567
568
569
570

571
572
573
574

575
576
577

Fig. 14 shows a precise view of the flow structure through the top VD. In DS types 1 and 3,
ducts are aligned streamwise, allowing direct airflow entry and preventing flow circulation, as
shown in Fig. 14(b). In contrast, DS types 2 and 4 induced deflection in the intake flow, causing
an adverse pressure gradient near the wall, which leads to flow recirculation and separation at
the VD inlets, as depicted in Fig. 14(d), (e), (f). The separation caused the passageway to
narrow, decreasing the mass flow rate (m) at the inlet of VDs. For this reason, momentum of

the intake flow with these design strategies was less than the others.

5.2.2. Tail pressure drag variation

Pressure drag reduction of the tail made by different design strategies is depicted in Fig.
11(b), showing distinct patterns compared to the nose. Except Ma = 0.2 and 0.3, designs 6.1
and 6.2 approximately have the same outcomes, as do designs 6.3 and 6.4, indicating that
designs involving the same position for duct outlets have an analogous influence on the tail

pressure drag.

To elucidate how design strategies altered structure of the wake region, their influence on
this area are compared in Fig. 15. The visualization of wake disruption by VDs aligns with the
findings in Fig. 11(b), demonstrating that designs 6.1 and 6.2 have similar effects, particularly
in wake shrinkage observed in both x—y and y—z cross-sectional planes. Flow injection by VDs
at the top area of the wake, increased flow momentum over the tail facilitating streamwise flow
continuation instead of recirculation. In contrast, designs 6.3 and 6.4 achieved limited
reductions in wake width with contraction confined to the region that injected flow reached,
marked by the velocity line u = 0, u is the velocity component in x-direction, at the wake
center. Although discharging flow in that area increased local pressure and reduced the pressure
gradient, still there is a thick wake downstream of the pod. Therefore, the resulting reduction

of Cgy, for the tail caused by designs 6.3 and 6.4 was lower than the other configurations.

The change in wake length is another noticeable point that is caused by utilization of VDs.
Wake length for different designs is compared by the length of the velocity line (u = 0) shown
by the white line in Fig. 15. All design strategies shorten the wake length, although for designs

6.3 and 6.4, it is slightly more elongated in comparison to the others.

Fig. 11(b) also shows a sharp decrease in the rate of pressure drag reduction at the tail for
Ma > 0.6. As explained in Section 5.1, oblique shock waves and their reflections disrupt the

wake region in the third flow regime, which is established for free-stream Mach numbers

24



578
579

580

581
582
583
584
585
586
587

exceeding 0.6. Thus, the absence of a low-pressure area at the tail in this regime reduces the

VDs efficiency in pressure drag reduction for this part of the pod.
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Fig. 14. Comparison of the flow structure within the top VD at Ma = 0.6 for DS type 1 and 4. (a) Mach distribution around
design 6.1. (b) Streamlines at the VD’s inlet showing no circulation occurred at the entrance. (c) Mach distribution around
design 6.4. (d) Illustration of separated regions and streamlines at VD’s inlet. (¢) Magnified view of the rectangular box on
VD’s upper wall at the vicinity of the duct inlet displaying vortex formation by drawing streamlines. (f) Magnified view of the
oval box on VD’s lower wall showing the change in velocity vectors direction du to adverse pressure gradient. (g)
Demonstration of separation bubble by drawing the velocity line (u = 0). Model configurations are labeled as referenced in
Table 2.
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Fig. 15. Effect of different design strategies on wake region at Ma = 0.4; displaying Mach distribution around the pod for base
pod model and for new designs with different arrays of VDs with six number of ducts. Model identifications are labeled below
each contour, as listed in Table 2. The red dashed line compares the wake length between different cases, measured by the
velocity line u = 0 (where u is the velocity component in the x-direction). Cross-sectional planes in the y—z direction used to

illustrate Mach number distribution, positioned at a longitudinal distance of 1.12 L;,,d downstream from the pod nose.

Further investigation was followed by comparing momentum coefficient of the discharged

flow for each DS in Fig. 13(b). As expected, the maximum flow momentum was transferred
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by design 6.1 and the lowest was for 6.4, confirming that efficiency of the VDs is highly
dependent on their capability in convection of flow momentum. However, a distinct point exists
between the graphs shown in Fig. 11(b) and Fig. 13(b). Despite achieving a drag reduction rate
similar to 6.1, design 6.2 transferred lower momentum than 6.1 and even fell below 6.3 for Ma
> 0.4. This indicates that another factor, aside from momentum of the duct outflow, influenced

the reduction of Cg,, for the tail.

As mentioned earlier, designs with identical duct outlets position provide similar drag
reduction at the tail, indicating that there is a correlation between them. Fig. 16 depicts how
each design changed the downstream flow field by drawing streamlines around the tail. The
comparison focuses on designs 6.2 and 6.3, representing both position types for VD outlets. In
the wake of the base model, two large vortices are observed, as shown in Fig. 16(b). The lower
vortex is denoted by a brown dashed-dotted line. The interaction between these two vortices
and the discharged flow can clarify how the outlet position of the ducts contributed to the more

effective decay of wake vortices.

Design 6.2 has damaged the upper vortex structure, resulting in wake shrinkage and
decreasing the extent of the area with strong vortical flow. This led to a decrease in its strength
in creation of low-pressure region and earlier reattachment of the flow in the ending areas of
the wake, as shown in Fig. 16(c). However, by design 6.3 wake was narrowed only for the area
adjacent to the tail. The injected flow was in counter direction of vortices rotation causing the
large vortices to split into smaller ones, as displayed in Fig. 16(d). While beyond a distance

where injection was over, vortices with almost the same width exist.

This analysis reveals that two factors have contributed to a greater destruction of vortices
and wake region. The radial distance of the duct outlets from core of the vortices shows a
critical role in disruption of the wake. As illustrated in Fig. 16(a), in design 6.2 duct outlets are
closer to the core of the upper vortex. Additionally, in this design, duct outlets are adjacent to
the flow separation point on the pod tail, promoting earlier reattachment by adding extra

momentum to the separated flow.
5.3. Influence of the number of ducts

The drag reduction results for configurations with 8 ducts (N; = 8) can be compared with
those for 6 ducts (N, = 8), as presented in Table 4. There is a slight difference between them

which is higher in low Mach numbers. Consistent with Section 5.2, the main contributors to
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627  the pod drag, namely the pressure drag on the nose and tail, can be analyzed to explain why

628 increasing N, reduces the effectiveness of the VDs.

(a) Design 6.1
Top VD outlet

=—— Core of the
upper vortex

{

Design 6.4
Top VD outlet

b Vorticity(k] (/s)
(P -1200.00 -Izlstﬂ)o] 700.00 Upper vortex

c Vorticity[k] (/s =
(c) 30600 °’_'2ggfg()]() " Diminished vorticity strength

(d) Vorticity[k] (/s) E
0.00 -250.00 .

: ,

— - ——

Clockwise rotation of Counterclockwise rotation
629 discharged flow of lower vortex

630 Fig. 16. Effect of different design strategies on wake vortices at Ma = 0.4 with demonstration of vorticity distribution and
631 streamlines downstream of the pod. (a) Comparison of the duct outlets distance with core of the upper vortex. (b) Illustrating
632 formation of two large vortices at the tail of the base pod design. (c), (d) Displaying effect of design 6.2, 6.3 on wake vortices.
633 Model configurations are labeled as shown in Table 2. The red dotted line compares the end of recirculation in wake region
634 for base model and designs 6.2 and 6.3.
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In Section 5.2.1, the flow momentum drawn by the duct inlets is found to directly affect the
reduction rate of nose pressure drag. As a result, the momentum coefficients measured at the
VD inlets for DS Type 1 with 6 and 8 ducts are compared in Fig. 17(a). An increased number
of ducts results in a lower momentum intake at each VD inlet. Further analysis shows that the
intake flow velocity for designs with 8 ducts decreases by approximately 4.5% to 6%,
depending on the free-stream Mach number, compared to those with 6 ducts. Since momentum
is proportional to the square of velocity, the momentum for N; = 8 is reduced by approximately

9.5% to 12%, as indicated in Fig. 17(a).

Fig. 17(b), 17(c) illustrate the effect of the number of ducts on the pressure distribution over
the pod tail and the flow structure downstream of the pod for designs 6.1 and 8.1. Both designs
exhibit increased pressure on the tail surface downstream of the VD outlets, as shown in Fig.
17(b). The difference in effectiveness between the 6-duct and 8-duct configurations is
particularly evident in the vicinity of the duct outlets. As discussed earlier in this section, the
VDs in design 6.1 receive higher momentum at their inlets compared to those in design 8.1.
Therefore, it can be inferred that the 6-duct configuration has a greater capacity for pressure

recovery in the wake region.

The visualization of the wake region for the 6-duct and 8-duct designs is consistent with this
outcome. Although design 8.1 narrows the wake width, it does not enhance pressure recovery
as effectively as design 6.1, as illustrated in Fig. 17(c) through both x-y and y-z cross-sectional
planes. This is attributed to the lower momentum received at the duct inlets in design 8.1,
resulting in less effective base pressure augmentation compared to design 6.1. Due to the
similar qualitative behavior observed in the (6.2, 8.2), (6.3, 8.3), and (6.4, 8.4) configurations,
their corresponding comparisons are provided in Supplementary Material (Appendix E). In
conclusion, designs with a greater number of ducts were not only less effective in reducing
pressure drag, but also increased skin-friction drag due to the additional duct surface area,

leading to a lower overall drag reduction.

Increasing N; in the Hyperloop pod design is beneficial as it provides more diagonal space for
passengers and pod components. However, increasing N also results in smaller duct diameters
to maintain the same removed frontal area. It was confirmed that the efficiency of the VDs
depends on their diameter. Therefore, the number of ducts should be determined by balancing

the trade off between maximizing internal space and minimizing power consumption.
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Fig. 17. Comparison of flow quantities between configurations using DS type 1 with 6 ducts (design 6.1) and 8 ducts (design
8.1). Model identifications are provided in Table 2. (a) Variation of the momentum coefficient at the VDs inlet across a wide
range of Mach numbers, demonstrating the influence of the number of ducts (N,;) on intake flow characteristics. (b) Pressure
coefficient profiles at the pod tail at Ma = 0.4, showing a stronger pressure rise near the duct outlets for the configuration with
fewer ducts (Ng = 6). (c) Mach number distribution downstream of the pod tail at Ma = 0.4, shown on both the x—y and y-z
cross-sectional planes. Results illustrate reduced pressure recovery in the wake with increased Ny (i.e., in design 8.1). The
white line represents the location where the streamwise velocity component is zero (u = 0), used to compare wake length. The

red dashed line indicates the influence of N; on wake extent.

5.4. Maximum drag reduction

Previous sections analyzed the impact of various design parameters on the efficiency of the
VD method. As shown in Table 4, a clear trend emerges, indicating that the drag reduction rate
increases for all designs as the Mach number approaches 0.3. This section explores this
repetitive influence on the pod drag reduction rate by explaining two external factors, outlined

as follows.
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5.4.1. Choking around the pod

Mach number of 0.3 is the closest to the choking condition. The choking condition is
determined by the critical Mach number (Ma_,.), which is 0.26 in the present study, as explained
in Section 5.1. As an initial prediction, it was proposed that the closer the free-stream Mach
number is to the Ma,,, the greater drag reduction is achieved. The results of the simulations
were consistent with this hypothesis since for Ma = 0.26, drag reduction for all designs was the
highest (e.g. for design 6.1, the calculated drag reduction was 16.3%, which is 4% higher than
that for Ma = 0.3).

This phenomenon can be explained by the contributions of two factors. First, the occurrence
of choking around the pod plays a pivotal role in this issue. As discussed in Section 5.1, choking
causes airflow accumulation in front of the pod. Besides that, the critical Mach number marks
the point at which airflow accumulation begins, i.e. the accumulated air is of lower intensity
compared to the higher Mach numbers. This allows VDs to transfer more of the accumulated
air from the pod front. At critical Mach number, VDs’ capability is such that they even prevent
choking and also eliminate the normal shock wave that would otherwise occur at the throat, as

depicted in Fig. 18.

(a)
Mach Number
0.00 038 0.75 113

| & | |
]
,"’;“,\, \ A/ Lpog = 1.2
/*-—’ x/ Lpod =]
Normal shock wave —
(b) ,

'\. !
Mach Number *

0.00 032 0.65 0.97

Elimination of normal

shock wave by the ducts

Fig. 18. Mach number distribution downstream of the pod on x-y plane (z = -0.1) and x-z plane (y = 0) at the critical Mach
number (Ma = 0.26) for (a) the base pod model and (b) design 6.1. The comparison highlights the prevention of choking and
the elimination of normal shock wave by the utilization of VDs. Cross-sectional planes are located at longitudinal positions of

Lpog and 1.2Ly,4 from the pod nose. Model configurations are specified in Table 2.
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5.4.2. Choking inside the ventilation ducts

The second factor influencing the achievement of maximum drag reduction at Ma,, is
related to the occurrence of choking inside the ventilation ducts. An analysis of duct flow
reveals that flow inside the ducts become choked at Ma = 0.4. Fig. 19 shows the Mach number
distribution along the top VD in design 6.1. It indicates that for Ma > 0.4 the flow Mach number
inside the duct reaches 1 near the duct outlet, suggesting that the ducts operate at their
maximum mass flow rate at these free-stream Mach numbers. This implies that the ducts ability
to transport momentum do not increase linearly with the Mach number, leading to a reduced

drag reduction rate as the Mach number increased.

2.5 T T T
Ma=0.26 Ma=0.5
Ma=0.3 Ma = 0.6
20F ——Ma=04 Ma = 0.7 \f‘ ]
=
= 15F B
2
= => Duct inlets /
S 10f A
= /_——//
0‘5 L ) / :_—-_-——-' |
Duct outlets €=
00 L L 1
-0.1 0.2 0.5 0.8 11

x/ L_nmf

Fig. 19. Mach number distribution along the top VD in design 6.1 at various free-stream Mach numbers, illustrating the onset
of choking within the duct for Ma > 0.4. The brown lines indicate the positions of the duct inlets and outlet on the pod. Model

identification is specified as listed in Table 2.

Based on the discussions in Sections 5.4.1 and 5.4.2, the following summary can be
presented. The VDs efficiency in drag reduction exhibits two distinct behaviors based on the

free-stream Mach numbers.

1. For the Mach number range 0.26 < Ma < 0.4, the mass flow rate (m) through the ducts
increases as a result of the higher flow velocity towards the pod. The rise in m enhances
the momentum. However, it is not compatible with the corresponding increase in
pressure accumulation in front of the pod. Consequently, this mismatch decreases drag

reduction rate at higher Mach numbers.

2. From Ma = 0.4 onwards, despite flow choking within the ducts, transferred momentum
through the ducts is still increased due to elevated upstream flow density, which results
from higher pressure accumulation in front of the pod. Additionally, ducts capability in

transfer of mass flow reaches its maximum as the flow inside the ducts become choked.
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As a result for Ma > 0.4, a specified portion of momentum, corresponding to the
increased accumulated pressure in front of the pod, is transported to the wake. This
aligns with the observed variation in the drag reduction rate at the pod nose, as illustrated
in Fig. 11(a). The results indicate that from Ma = 0.4 onward, the rate of reduction in

Cqp becomes nearly imperceptible.

According to this summary, drag reduction is not influenced only by the flow transfer rate
and it should be evaluated with regard to the accumulated pressure in front of the pod. To
compare ducts effectiveness under different circumferential conditions around the pod, a non-
dimensional efficiency coefficient (C,) is defined. It represents the fraction of the momentum
(mhv) captured by the ducts, normalized by the product of the total pressure (P;) upstream of
the pod and the bypass area (Apypqss), as expressed in Eq. (3). It quantifies the effectiveness of
the ducts in extracting momentum from the high-pressure buildup ahead of the pod. The
upstream total pressure is measured by averaging over the y-z cross-sectional plane located
0.23Ly,4 ahead of the pod nose. The calculated values of C, for design 6.1 at various Mach
numbers are shown in Fig. 20. At critical Mach number (Ma = 0.26), where the maximum drag

reduction is recorded, C, has the highest value.

mv
Ce 3)

Pt Abypass

0.05 T T T

0041 .

<’ 003+ .

0.02} - i

0.01 L L L
0.2 0.4 0.6 0.8 1.0

Mach number

Fig. 20. Non-dimensional efficiency coefficient at different Mach numbers for design 6.1, representing the effectiveness of the
ventilation ducts (VDs) in reducing pod drag under choking conditions (Ma > Ma,, ). The gradient of C, highlights changes

in duct efficiency as the Mach number increases. Model identification is labeled as referenced in Table 2.

Furthermore, it decreases sharply up to Ma = 0.4, the free-stream Mach number beyond which

the flow becomes choked inside the ducts. Further increases in pod speed show that the gradient
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of C, does not change significantly. The variation of this parameter across different Mach

numbers supports the findings presented in Section 5.2.1.

5.5. Comparison of ventilation ducts and compressor

In this section, we argue that employing VDs offers a more effective solution for reducing
power consumption compared to the utilization of a compressor in the Hyperloop system. A
comparison is made between the results of using VDs (obtained in the present study) and those
from a compressor [70], in terms of reduction in total power consumption (P;,;). The blockage
ratio of 0.72 is chosen for this purpose. To accomplish a correct comparison, the removed
frontal area for both methods should be equal. Thus, similar to the previous study, 20% of the
pod frontal area was considered for VD inlets. DS Type 1, identified as the optimal design
strategy in this study, with N; = 14, is employed for the comparison. Fig. 21 illustrates the
corresponding design geometry. Efficiency of the both methods is evaluated by calculating the
power coefficient (Cpower) from Eq. (4), where p is the density of the air inside the tube, u is
pod speed, Ay is the pod frontal area and P, represents the total power required for both the
compressor and the propulsion system [70]. However, in the present study, no compressor is
implemented in the pod model. Consequently, P;,; represents only the power required for the

propulsion system which is equal to the total drag of the pod.

The results of the comparison are presented in Fig. 12. The reduction in P;,; obtained by
the compressor for pod speeds up to Mach number of 0.6 is at least 15% and at most 40% lower
than that of achieved by VDs. The results in this section indicate that the pressure of the
accumulated air in front of the pod is sufficient to drive the airflow through the ducts without

requiring additional power, eliminating the need for a compressor.

Prot

Cpower = 1/2putA; 4)

(b)

Fig. 21. (a) Three-dimensional (3D) view and (b) frontal view of the pod and tube for DS type 1 with 14 ducts, configured to
maintain the same removed frontal area as the compressor model. This allows isolation of the effect of frontal blockage on

flow behavior and aerodynamic drag.
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Fig. 22. Comparison of ventilation duct efficiency with compressor performance in reducing total power consumption of
Hyperloop pod at Mach numbers 0.4, 0.6, and 0.8.. The results for the ventilation ducts are obtained in the present study, while

compressor data are extracted from the study conducted by Bizzozero et al. [70].

Based on the findings of both the present and previous studies, it can be concluded that
utilization of a compressor is entirely disadvantageous compared to the use of VDs. Foremost,
employment of a compressor requires an external energy source, which increases power
consumption of the Hyperloop system. Thus, in contrast to the VD method, the compressor not
only failed to reduce power usage at low Mach numbers but also led to an increase in total
power consumption [70]. Despite the compressor acceptable performance at higher Mach
numbers, it remained remarkably less efficient than VDs. Even at Ma = 0.8, for which they
have similar efficiency, the employment of a compressor has the drawback of occupying a
significant space of the pod. While preserving the pod internal space is crucial rooted in the
fact that the need for more space increases the pod size. This, in turn, raises the BR when the
tube size is kept constant. As the BR increases, pressure accumulation in front of the pod

becomes more severe leading to an increase in Py,;.

Additionally, the previous study overestimated compressor’s capability in reduction of
power consumption by unrealistically transferring airflow through a duct positioned within the
pod center which is allocated for the passenger seat. As demonstrated in Section 5.2, location
of the pathway for airflow transfer considerably affects both drag reduction and power
consumption. Consequently, if simulations of the design involving an axial compressor were
conducted along with practical transfer of airflow through the pod, the differences between

these two approaches would be intensified.
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6. Conclusion

In this study the efficiency of the ventilation duct (VD), as a passive drag reduction method,
was investigated by the objective of decreasing power consumption of the Hyperloop pod. This
analysis, for the first time, examines airflow passage through the pod body while keeping the
passageway separate from the cargo and passenger compartments. Four design strategies (DS)
for duct pathways and two values for the number of ducts (N,;) were considered, making eight
different VD arrays, which occupy only 10% of the diagonal space of the passenger
compartment. Through three-dimensional (3D) numerical simulations, the effectiveness of the
VD method and the impact of each of design parameters, DS and N, on aerodynamic drag of

the pod were evaluated.

It was revealed that DS type 1, in which ducts are conducted completely straight from the
nose to the tail of the pod, provided the greatest drag reduction at various pod Mach numbers
(Ma) ranging from 0.2 to 0.9. Contrary to the initial hypothesis that DS type 2 and 4 by which
ducts take flow from a high-pressure region, stagnation point, were expected to reduce the nose
pressure drag more effectively, instead design strategies featuring streamwise ducts, DS type 1
and 3, were more efficient. Momentum coefficient (C,) was chosen as the assessment
parameter of VDs performance. The rotational path of ducts in DS types 2 and 4 resulted in
flow separation on the internal wall of the VDs which led to confinement of mass flow rate and
lower transference of momentum through the ducts. Consequently, at each pod speed, the DS

elevating momentum transfer reduces pressure drag of the nose more efficiently.

Drag reduction of the tail part was affected by two factors including momentum transfer
rate and position of the duct outlets while the second one had more significant impact, i.e., the
DS in which duct outlets are positioned closer to the core of the wake vortices operated more
effectively in disrupting them. This leads to boost recovery of pressure loss and higher
reduction of drag as well. Hence, despite the higher injected momentum by DS type 3, it has

decreased pressure drag of the tail part less than DS type 2 due to the position of duct outlets.

A comparison of the results for six and eight ducts brought us to this conclusion that
increasing the number of ducts slightly decreases drag reduction. Nevertheless, adding more
ducts results in a smaller diameter bringing down the efficiency of the ducts in transference of
momentum. This, in turn, causes a drop in the reduction of pod pressure drag. However,

constructing thinner VDs could help preserve more diagonal space within the pod. Therefore,
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it was suggested that this parameter should be assessed regarding the priority of providing more

space or less power consumption.

The maximum drag reduction exactly happened at critical Mach number (Ma,,), that was
0.26 in this investigation. Two factors contributed to this phenomenon. First, by the occurrence
of choking, the air mass starts to accumulate in front of the nose. Since a Mach number of 0.26
is the lowest speed at which the flow becomes choked, the accumulated air is less intense
compared to flows at higher Mach numbers. As a result, at Ma,,, VDs transferred a greater
portion of the accumulated air from the upstream region of the pod, leading to a greater

reduction in pressure drag.

Second, for Ma > 0.4, as the pod speed increased, the gradient of pressure drag reduction
decreased, due to flow choking within the ducts. Accordingly, a higher airflow transfer rate
through the VDs was not achievable at higher pod speeds. This implies that as the Mach number
increased, the momentum transfer rate did not rise proportionally to the pressure accumulation
in front of the pod. Consequently, a decrease in the rate of pressure drag reduction is reasonable.
Through investigation of the results for reduction of pressure drag it was deduced that the
efficiency of the ducts at different Mach numbers could be evaluated by considering their
efficiency in the transport of momentum regarding the circumferential conditions that pod
encountered. Ultimately, the ratio of the momentum captured by the ducts—normalized by the
product of the upstream flow’s total pressure and the bypass area—was recommended as the
assessment parameter for efficiency of VDs in drag reduction. Variation of this parameter

across all speeds was consistent with the change in drag reduction rate.

One of the most significant outcomes of this research is the comparison of the VD method
and compressor. It was revealed that by utilization of VDs, a higher reduction in total power
consumption can be obtained. Concerning this result and the lower occupation of pod space in

comparison to the compressor makes this approach more advantageous.

Despite providing a more realistic flow transfer in this research, there are still deficiencies
in the utilization of VDs as a practical approach. However, this was an attempt to make this

transportation technology one step closer to exploitation.
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