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Abstract

Evacuated tube transport, also known as Hyperloop, is a proposed mode of ground transport that uses depressurised
tubes to transport passengers and cargo at high-speeds. The aerodynamic flow regime of a Hyperloop system combines
the characteristics of low Reynolds number, high Mach number, and confined/choked flow. This makes it unique
compared to more commonly studied aerodynamic problems, and as such it is not yet well understood. This review
aims to evaluate the current state of Hyperloop aerodynamics research. First, the effects of low Reynolds number
and compressibility in confined flows are explored. Next, 1D analysis is used to determine the theoretical flow
characteristics of the Hyperloop. Analytical expressions are derived for the isentropic and Kantrowitz limits, which
divide the state-space of the flow into choked and unchoked regimes. The use of Computational Fluid Dynamics to
model the flow in the system is then discussed. This is by far the most active area of Hyperloop research, and results
from the literature are evaluated and combined here to give further predictions for the expected flow states, which
depend on the blockage ratio and Mach number. Finally, aerodynamic design considerations are explored, including
the pod and tube geometry, boundary layer transition, ground proximity, ambient temperature, tube breaches and
mitigating flow choking using bleed systems.
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1. Introduction

With the world becoming increasingly connected, the demand for long-distance, high-speed transport can only be
expected to grow. At present, global transport already accounts for 37% of CO, emissions in end-use sectors [1]. This
poses significant sustainability issues, particularly as the world attempts to achieve net zero emissions in an effort to
avoid the most devastating effects of climate change [2]. Improving the efficiency of rapid transport is therefore a
high-priority to allow sustainable travel in the future.

A next-generation mode of high-speed ground transportation, known as evacuated tube transport (ETT), has been
proposed as a faster, cheaper and more sustainable alternative to high-speed rail and short-haul aviation. The theo-
retical ETT system consists of passenger-carrying ‘pods’ which are transported through a network of tubes, held at
a partial vacuum. This low-pressure environment deliberately reduces the aerodynamic drag on the pods, which is
known to account for upward of 75% of the total resistance encountered by a conventional high-speed train [3]. In
theory, reducing the drag in this way should allow a typical evacuated tube vehicle to travel efficiently at transonic
speeds, in excess of 1000 km/h [4].

It is proposed that the high-speed propulsion of the pods could be achieved with linear induction motors [5]. These
are a variation of conventional electromagnetic induction motors that are ‘unwrapped’ to generate linear rather than
rotary propulsion. The rotor would be a metal fin mounted to the pod, while the stator (which consists of banks of
electromagnets) and all other propulsion components would be housed within the track. This minimises the weight
and complexity of each individual pod. Once the pods have been initially accelerated, the low-drag environment
should allow them to maintain cruising speed for many miles without the need for re-acceleration. This reduces the
proportion of the track that would need to include propulsion components.

In order to reach high speeds while maintaining efficiency and passenger comfort, the pods would be suspended
above the track. Some early proposals suggested the use of air bearings [5], which generate a thin layer of high
pressure air between the pod and the ground to maintain levitation. Most subsequent studies, however, have proposed
a magnetic levitation (maglev) system [6, 7], as this technology is already proven and implemented in current high-
speed rail networks. Maglev systems would require a higher power input than air bearings, but offer significant
practicality benefits as they operate with higher ground clearance and allow greater controllability [8]. A thorough
review of maglev technology for both levitation and propulsion, along with the various maglev implementations in
conventional rail systems is given by [9]. In the past decade, significant initial research has also been conducted on
the design and implementation of maglev systems specifically for ETT [10, 11, 12, 13, 14, 15, 16].

Designing a practical evacuated tube transport system will require decades of research and innovation in a number
of areas, including aerodynamics, propulsion, levitation, tube design, and vacuum systems. The aerodynamic design,
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and in particular the minimisation of drag in the system, is likely to pose one of the most significant challenges in
achieving the theoretical speed and efficiency benefits of ETT. Therefore, this is currently the most active area of
research. This review evaluates the current state-of-the-art in ETT research, with a primary focus on the aerodynamic

design, and identifies future directions for the development of the concept.

2. History and Development

The fundamental ideas behind evacuated tube transport have been developed for many years under various names.
The earliest known research was conducted in the 18th century, with George Medhurst and William Murdoch design-
ing pneumatic tube systems used to transport goods by generating a partial vacuum [17, 18]. The idea of creating
propulsion from differential air pressure later formed the basis for the development of atmospheric railways, of which
Isambard Kingdom Brunel was a strong proponent. These were seen for a short while as a viable alternative to
traditional steam trains, but were ultimately abandoned due to operational difficulties [19].

The first discussion of what could be recognised as the modern ETT concept was given by rocket engineer Robert
Goddard in the early 1900s [20], who postulated that a future ultra high-speed rail system would require trains to
be magnetically levitated and travel through evacuated tubes. A few attempts were made to realise such a system in
the following decades [21, 22], the most notable of which was the EPFL Swissmetro project [23] in the 1970/80s.
This was proposed as a fully underground vacuum train that would link the major cities of Switzerland at speeds
of up to 500 km/h. A small amount of aerodynamics research has been published on the concept, which includes
the development of a 1D numerical code for simulation of the system [24]. This is discussed further in section
4.4. Swissmetro has never made it past the preliminary investigation stage, though there have been more recent
attempts to revive the project [25, 26]. A similar project was undertaken by ET3 [27, 28] around the same time, again
without commercial success thus far. Some initial academic studies were performed following these proposals, mostly
involving aerodynamics simulations [29, 30, 31, 32, 33, 34].

The name Hyperloop was coined by Elon Musk and SpaceX in 2013 when they published ‘Hyperloop Alpha’
[5], a white paper outlining the ETT concept. The white paper provided a high-level discussion of many of the
fundamental Hyperloop components, including the pod, tube, levitation and propulsion systems along with some
initial design parameters. Following this, SpaceX ran an annual competition for university teams to design and test
scaled Hyperloop pods on a purpose built low-pressure track. The analysis of the design of these pods formed some
of the first published research on Hyperloop aerodynamics [35, 36, 37].

Since Musk’s contribution, the Hyperloop concept has developed significantly, with many academic studies and

attempts at realising prototype models. A substantial body of literature surrounding ETT has been generated, with
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research into various aspects of the system. This includes pod aerodynamics [35, 36, 38, 39, 40, 41], propul-
sion/levitation systems [7, 8, 10, 11] and energy consumption [42, 43], along with variations on the concept, such
as the use of heliox gas in the tube to achieve the low-density benefits without the requirement of a near-vacuum
[44]. In recent years, a number of private companies looking to commercialise a full scale Hyperloop system have
begun developing facilities for testing pod and tube systems [4, 45, 46, 47, 48, 49, 50, 51], the details of which are
summarised in [52]. The most notable of these is the Hyperloop One (formerly Virgin Hyperloop) [4] development
system, consisting of a 500 m tube operating at a pressure of 100 Pa. This was used to conduct the first successful

passenger tests in 2020 at 173 km/h with a 2-passenger pod.

3. Aerodynamic Flow Regime

The aerodynamics of a Hyperloop pod share a number of characteristics with (i) conventional trains, due to the
geometric similarities and (ii) high-altitude aircraft, which operate with low external pressure, often in a transonic
flow regime. Despite these apparent similarities, the aerodynamics of the ETT system will be in a separate class to
any current vehicle type, due to the sealed tube environment and the expected low Reynolds number of the flow. The
interaction of these two aspects, coupled with the transonic speeds, makes the aerodynamic design of an ETT system

a formidable challenge.

3.1. Low Reynolds Number Aerodynamics

With an operating pressure of 100 Pa, as suggested by Musk [5] and Hyperloop One [4], the air density in a
Hyperloop tube would be 1.2 x 107> kg/m?. These properties are reduced by a factor of 1000 in comparison to sea-
level conditions, and are equivalent to the upper stratosphere at around 50 000 m [53]; this is significantly higher than
the absolute ceiling of conventional aircraft. This reduced air density means that the flow around a pod will be at
a low Reynolds number. Using the height of the pod (around 2 m [5]) as a characteristic dimension, the Reynolds
number, Re, would be of the order 10* at transonic speeds. This is two orders of magnitude less than conventional
trains or aircraft [3, 54]. Consequently, analysis of vehicle aerodynamics in this low Reynolds number regime has not
received much attention and it is therefore not well understood. To illustrate this, the general Reynolds number and
speed regimes for a range of moving objects are compared in figure 1, underlining the unique flow regime of ETT.

Differing conventions for the characteristic length mean that only very general comparisons of the Reynolds num-
ber can be made between different vehicle types. The convention for trains is to use the height (as the length varies
with the number of carriages), while for aircraft the mean aerodynamic chord length of the wing is normally used. An

argument could be made for adopting either of these conventions (height or length) for the Hyperloop concept. Taking
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Figure 1: General operating speed and characteristic Reynolds number regimes for different moving objects. Adapted from [54] with additional
data from [3, 5, 55].

the pod height is intuitive as the geometries are likely to be based on traditional train designs. On the other hand, the
boundary layer and drag characteristics are important in studying the Hyperloop, and would be better parameterised
by the length of the pod. Compared to the height based Reynolds number calculated above, the length based Re would
be approximately 10 times higher, i.e. of the order 10°. Further arguments could also be made for using the tube
diameter or the gap between the pod and the walls as the characteristic dimension.

It is also worth noting that the Reynolds numbers discussed are only small in the context of vehicle aerodynamics.
In a more general fluid dynamics setting, ‘low Reynolds number’ is often used to describe viscosity dominated flows
without significant inertial effects, as is the case for highly viscous fluids or small scale, slow moving flows. Swimming
bacteria, for example, have Re = 107 [56].

Although high Reynolds number aerodynamics covers the majority of conventional settings, a number of applica-
tions have been studied for which the flow is at a low Reynolds number. These applications include micro-air vehicles
(MAVs) [57], small wind turbines [54, 58] and, more recently, the design of aircraft for use in the low-pressure
atmosphere on Mars [59, 60].

The aerodynamics of a body at low Reynolds number can exhibit characteristics not observed in higher Re flows,
particularly due to the strong influence of laminar boundary layer separation and transition to turbulence. These effects
have been extensively studied through experimentation and measurements of the flow generated around aerofoils at
low Reynolds numbers [54, 61, 62].

For high Re flows, the boundary layer formed on the surface of a body will generally transition from laminar to

turbulent very quickly. At low Reynolds number, however, the boundary layer can remain laminar for a significant



distance. Turbulent boundary layers cause higher friction drag, but laminar boundary layers are far less tolerant to
adverse pressure gradients. As such, laminar separation is commonly observed at lower Reynolds number [54]. Once
the boundary layer has separated, growing instabilities trigger a transition to turbulence in the separated shear layer,
which may then be able to reattach to the surface of the body. This flow phenomenon is known as a laminar separation
bubble. Laminar separation bubbles are known to strongly influence aerodynamic characteristics by increasing drag
and reducing lift [61]. This has implications in vehicle design and in most applications, including Hyperloop, reducing
the length and height of separation bubbles will be beneficial (primarily by lowering the drag). This is particularly
important for the design of aircraft, where the lift-drag ratio is critical to performance, especially in relation to range

and endurance.

3.2. Blockage and Compressibility Effects

As already noted, the aerodynamics of the ETT system will be strongly influenced by the effect of the enclosed
tube environment. In general, when a body moves through a fluid such as air, a high-pressure stagnation region is
formed at the front (nose) and a low-pressure wake region at the rear (tail). If this motion is confined within a tube, the
body behaves like a leaky piston in a cylinder, pushing air in front of, and around itself, while pulling the air behind.
This principle is commonly referred to as the ‘piston effect’ in the context of trains travelling through tunnels [3], and
is illustrated in figure 2. Mass conservation dictates that air is accelerated through the constriction between the body
and the walls (ignoring compressibility for the moment). This results in a higher nose-to-tail pressure difference when
compared to free-air motion. Thus, higher pressure drag is experienced by the body, as well as higher skin friction due
to the local increase in the air speed and density [3]. The strength of the piston effect and the drag increase on the body
is dependent on the blockage ratio, 3, defined as the ratio between the projected frontal area of the body, Ap.q, and
the area of tube cross-section, A,;.. In general, higher blockage causes higher drag, so for the greatest acrodynamic
efficiency, a Hyperloop should be designed to minimise the blockage ratio. The trade-off with this principle, however,
is that larger tubes increase construction costs and vacuum requirements. There must also be a lower limit imposed
on the pod size to maintain the comfort of passengers.

At higher speeds, compressibility effects play a more significant role in the aerodynamics, and flow choking
becomes an issue. Choked flow describes a state in which the flow through the narrowest constriction in the system
becomes sonic. An increase in speed when the flow is choked cannot increase the mass flow rate through the narrowest
section, and so the mass of air continually builds up in front of the pod. This would be highly undesirable in ETT, as
the cumulative build-up of air would cause the drag to increase with running time. The flow in a system with a lower
blockage ratio will choke at a higher pod Mach number. Therefore, decreasing the blockage ratio would allow for

greater top-speeds without the flow choking, though there are downsides of this which have been discussed above. A
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Figure 2: The piston effect and general expected pressure distribution generated by a Hyperloop pod travelling in a tube (in the absence of shocks).
Streamlines indicate the flow from the pod frame of reference.

second mitigation strategy has also been proposed which involves a bleed system being incorporated into the pods to
reduce the mass accumulation effects and alleviate the associated pressure build-up [5, 63].

At the transonic speeds proposed for Hyperloop, the generation and propagation of shocks is also to be expected
in the system [41]. This introduces an additional layer of complexity to the aerodynamics of the system, which must
be carefully considered in the design process.

The blockage ratio and pod Mach number are the two most fundamental parameters in the design of an evacuated
tube transport system. The influence of these two parameters is well understood in relation to conventional train-in-
tunnel systems as a result of extensive theoretical, numerical, and experimental research [3, 64]. Typical blockage
ratios and Mach numbers for conventional systems are compared with those proposed for ETT in figure 3.

Conventional high-speed trains rarely have a blockage ratio above 25% or Mach number above 0.2 when travelling
through tunnels. This is partly due to the increase in drag caused by high speed and blockage, though mainly it is to
limit the strength of the pressure waves generated within the tunnel. As a high-speed train transitions from free air to
the enclosed environment, rapid pressure changes cause discomfort to the passengers, and the transient compression
waves generated in the tunnel can form shock waves. This is known to cause ‘tunnel boom’ at the tunnel exit [65, 66].

Metro trains can have a much higher blockage ratio, up to around 70% for a single-track tunnel (the blockage is
significantly lower for dual- or quad-track tunnels [67]). This high blockage ratio and the associated piston effect is
advantageous as it is used to enhance the ventilation in underground systems [68]. Metro systems are not designed for
high cruising speeds due to the frequent stopping of the trains, and as such the Mach number rarely exceeds 0.1.

Proposed ETT systems sit in a previously unexplored regime of high Mach number and relatively high blockage
ratio. Therefore, the understanding of the aerodynamics in conventional systems can only go so far in predicting the

flow characteristics in ETT.
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Figure 3: Mach number and blockage ratio comparison for train in tube systems. The cross sectional area of a high-speed train was assumed to be
11 m? [82] where more specific data was not available.

4. Flow Modelling and Theoretical Analysis

Numerical and theoretical methods have been used to study and model the aerodynamics of the ETT system within
the literature. Theoretical methods mainly involve quasi-1-dimensional analysis, using the equations of isentropic
flow, along with shock relations. The vast majority of studies have been carried out numerically with Navier-Stokes
based Computational Fluid Dynamics (CFD), using a mixture of commercial and in-house software. Only one recent
experimental study of the aerodynamics in a model Hyperloop-type system has been published. This has lead to
difficulties in validating numerical and theoretical results. Most authors have therefore provided indirect validation of

their methods, against related systems with similar expected flow features and parameters to Hyperloop.

4.1. Continuum Approximation

The modelling methods described in this section are based on the continuum approximation, which is the assump-
tion that the fluid behaves as a continuous mass and that discrete particle effects can be neglected. This holds for the
majority of aerodynamic flows, but may not be valid in cases involving rarefied gases. The Knudsen number, K,
defined as the ratio of the molecular mean free path, A, to the characteristic length scale of the flow, /, can be used to

determine whether the approximation is valid [35, 83]:

kn=2= R @.1)
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Figure 4: Comparison of the pod-fixed and tube-fixed (or absolute) co-ordinate systems. U is the absolute speed of the pod and u denotes a velocity
in the relevant coordinate system.

where kg, T, d and p are the Boltzmann constant, temperature, molecular diameter and pressure, respectively.

For a Hyperloop, the characteristic dimension (e.g. pod height) can be taken as / = 2m, along with pressure
p = 100Pa, temperature 7 = 300K and molecular diameter d = 3.7 x 107 m [83]. These values give a Knudsen
number Kn ~ 10>, The mean free path is therefore far smaller than the characteristic length, and the Knudsen number
is within the accepted limit Kn < 1072 for the continuum approximation to hold [84].

To check that is the case everywhere in the flow, the smallest length scale can also be considered. This is likely
to be found in the suspension gap under the pod, which would typically be of the order 1 cm for a maglev system
[8]. Using this length, the Knudsen number could be up to Kn ~ 1073 (though likely much lower as the pressure in
this region will be significantly above the ambient value). The continuum approximation should therefore be valid

everywhere in the flow.

4.2. Reference Frames

The expected flow field generated around a Hyperloop can generally be considered in two different frames of
reference (or co-ordinate systems), depending on the characteristics of the flow being discussed. The simplest frame
of reference is one in which the tube is stationary and the pod is moving, inducing a flow in the otherwise stationary
air. This is often referred to as the absolute, stationary, or tube-fixed frame of reference. The latter notation is used
here.

At times it may be more convenient to consider the system in a frame of reference where the pod is stationary
and air is being blown past at the pod speed. In this case, the walls must also move at the pod speed to give the
correct motion relative to the pod. This is known as the pod-fixed frame of reference, and is particularly useful when

simulating steady ETT flows and presenting the results. To convert a flow field from the tube-fixed to the pod-fixed
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Figure 5: 1D approximation of an ETT system as a converging-diverging duct. A(x) is the area of the gap between the pod and the tube, which
parameterises the system. For subsonic upstream speeds (i.e pod speeds), the flow is accelerated in the converging section and decelerated in the
diverging section. For supersonic speeds, the converse holds.

frame of reference, the pod speed is simply subtracted from the local velocity at each point.
A third frame of reference is sometimes considered, in which the shock wave upstream of the pod is stationary.

This is known as the shock-fixed co-ordinate system [85].

4.3. 1D Isentropic Flow

In the simplest case, a Hyperloop can be approximated by a quasi-1-dimensional system. Here, the fluid domain
is parameterised by its cross-sectional area, which is the area of the gap between the pod and the tube walls. This
area, denoted by A, can be calculated as the difference between the cross-sectional area of the tube and of the pod at
a given point. In the pod fixed frame of reference, this area is a function only of axial position in the tube, x, and so
A = A(x). If the flow is steady and changes in A are gradual enough, other flow parameters such as speed, u, pressure,
p, and density, p, can also be assumed to vary only with position along the tube. That is u = u(x), p = p(x), p = p(x)
etc. For the quasi-1D assumption to hold, the flow must be uniform at any cross section, and so viscous effects such
as boundary layers on the walls must be neglected. The fluid is therefore taken to be inviscid. If it is also assumed
that the flow is adiabatic and no shock waves are generated, then the flow is isentropic, i.e., the entropy is constant in
the system.

The Hyperloop system, viewed in pod-fixed co-ordinates, has therefore been reduced to the problem of isentropic
flow through a fixed-geometry duct, with a cross section which converges and then diverges (as illustrated in figure
5). Convergent-divergent (C-D) ducts are widely used in engineering applications, and their flow characteristics are
well understood. As such, some of the general flow features expected in a Hyperloop can be inferred from 1D duct

analysis.
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An important feature of a C-D duct is the area-velocity relationship [86], which can be expressed as
dA d
Lo -, 4.2)
A u

where M is the local flow Mach number. The sign of the (M? — 1) factor changes from negative for M < 1 (subsonic
flow) to positive for M > 1 (supersonic). The implication of this is that for subsonic flow, an increasing (divergent)
area gives a decrease in velocity, while for supersonic flow this gives a velocity increase. The converse is also implied
for a decreasing (convergent) area. This is highlighted in the 1D Hyperloop approximation in figure 5.

The steady-state isentropic flow of an ideal gas through a duct can be further analysed using the following equa-

tions [84, 86]

p = pRT, (4.3)
¢ = \YRT, (4.4)
M =ujc, 4.5)
%=1+7;1M2, (4.6)
) -

where R is the specific gas constant, T is the local temperature, c is the local speed of sound and y is the specific heat
ratio. The subscript O denotes a total quantity (e.g. total temperature 7). Using the above equations, the mass flow

rate, ri1, through any cross section can be expressed as

y+1

. Y y-1 27m
= puA = MA — |1+ —M . 4.8
m = pu Po,/RTO( + ) (4.8)

4.3.1. Choked Flow and the Isentropic Limit

The most critical characteristic of duct flows that is relevant for evacuated tube transport is the concept of flow
choking. Choked flow is the condition in which the flow through the narrowest constriction in the system, referred
to as the throat, is sonic (M = 1). A conventional C-D duct (e.g. in a wind tunnel) is driven by an upstream-
downstream pressure difference, and in this case, choked flow represents a limiting case whereby any further decrease
in downstream pressure will not increase the mass flow rate through the system.

The equation for the choked isentropic flow in a C-D duct can be calculated from equations 4.3-4.7 as follows.

Under the assumption of steady flow, the mass flux, 71, through any cross section must be constant due to conservation.
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Equating the mass flow rate (given by equation 4.8) through the throat with another general cross section gives

y+1
. [y P V-
=MApy |—— |1+ 1—M
" Po RTO( 2 )

) -1 T26-D
= MAp; [ (1 + 2 M*z) :
0

4.9)

where * denotes quantities at the throat. Choked flow implies that M* = 1, and the isentropic assumption means that

total quantities (pg, 7o) are constant. With this, the relationship can be written as

*

o L
% = M(l + %Mz) o (7—;1)%) . (4.10)
This is commonly referred to as the area-Mach number relation [86]. In a pressure-driven system with choked
isentropic flow, this gives the Mach number at any point as a function only of the local area and throat area.

The fundamental difference between the Hyperloop and a C-D duct in, for example, a wind tunnel is that the
system is not driven by pressure differences, but rather by the pod velocity. In pod-fixed coordinates, this means that
the upstream flow Mach number is determined by the pod speed, Mp0q. Applying the area-Mach number relation far
upstream therefore gives the specific pod Mach number at which the flow will choke for a given throat-to-tube area
ratio. This is often referred to as the critical Mach number [38]. The convention for Hyperloop and trains in tunnels

is to express this in terms of the blockage ratio, 3:

g fwa A

Alube Atube

L L
y=1_ 5 V0 (y+1\%D

@.11)

where it is assumed that the frontal area of the pod, Apoq, is equivalent to the maximum cross-sectional area of the
pod, i.e. at the throat. This is likely to be the case in general. In the context of ETT, this equation is known as the
isentropic limit [87]. For a given blockage ratio, if the pod Mach number is below this limit then the flow does not
choke and remains steady, subsonic and isentropic everywhere. If the Mach number is above this isentropic limit,
however, the flow is choked and the mass flow rate through the throat is limited. This causes mass to be continually
accumulated upstream of the pod. In this choked regime the flow can no longer be isentropic, and a normal shock is

generated upstream which separates away from the pod with time [85, 39].
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4.3.2. Shocks, Unchoking and the Kantrowitz Limit

Both normal and oblique shocks will be generated in the ETT system, even with pod speeds that are well below
sonic [85]. Entropy is increased across a shock, therefore the isentropic relations given in the previous section cannot
be applied directly when shocks are present. In order to circumvent this, a shock is assumed to be an infinitely thin
discontinuity across which the flow parameters change, and the flow upstream and downstream of a shock is taken as
isentropic. Shocks do not break the adiabatic assumption and so total temperature will be conserved, whereas total
pressure will decrease across the shock. For a normal shock, the ratio of the total pressures can be expressed in terms

of only the upstream Mach number [88]:

Pou :[ (v + M3

Tyt | 4.12)
Poda |(y-DMZ+2 ’ '

2yMi - (y-1)

where subscripts u and d denote conditions upstream and downstream of the shock respectively.

For pod velocities in the choked flow range, a normal shock is expected to be generated upstream in the tube.
In this way, the Hyperloop acts in a similar fashion to a supersonic aircraft intake [89]. Supersonic intakes are
converging-diverging diffusers, used to take in air and reduce it from the free-stream speed. To function correctly,
these supersonic diffusers must be ‘started’, a process which involves a normal shock passing through the throat (the
shock is said to be ‘swallowed’). If the throat is too narrow, the flow will choke and the normal shock will sit off
the front of the diffuser. This flow state is known as ‘unstart’, and directly corresponds to the choked supersonic
Hyperloop case.

A simple relationship for determining the limiting blockage ratio and Mach number for which the flow will start
in a supersonic diffuser was given by Kantrowitz and Donaldson [90]. This is derived by assuming that a stationary
normal shock sits at the start of the converging section of the diffuser, with the flow choked at the throat. If the flow
is taken to be steady, then it can be assumed isentropic either side of the shock. In the 1D ETT case, the tube area
upstream of the shock is constant with A = Ay and thus the upstream flow has a constant Mach number (M = Mpoa).
The constant tube area also implies that the position of the shock could anywhere upstream without loss of generality.
As the flow is assumed steady, the mass flow rate given in equation 4.9 can be equated between the upstream region

and the throat (denoted by *) which is downstream of the shock, giving

A*
B=1-
Atube .
pou (. y=1 5 \HT [y 41\TT (4.13)
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Figure 6: The expected flow choking behaviour of the Hyperloop, based on the isentropic limit (equation 4.11) and Kantrowitz limit (equation
4.15). To calculate the limits, the specific heat ratio was taken as y = 1.4.

Again, the equation is written in terms of the blockage ratio, and the constant factors (including total temperature)
have been cancelled out. This equation differs from the isentropic limit equation (4.11) only by a single factor due to

the total pressure loss across the shock. Substituting the pressure ratio given in equation 4.12 gives

2 _
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After simplification, this can be written in the form [91]:
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This equation is known as the Kantrowitz limit [92]. For a given blockage ratio, if the Mach number is higher than the
Kantrowitz limit, the flow will be started and become unchoked. The mass flow rate through the throat can increase
above the choked value in this regime and no normal shock is generated upstream. In the ETT case, a steady oblique
or bow shock will sit at the nose of the pod.

The isentropic and Kantrowitz limits divide the flow state-space into choked and unchoked regimes, based on
the blockage ratio and pod Mach number. The limits are plotted in figure 6, with the corresponding flow states

highlighted. In the ETT literature, these limits are often confused, with the Kantrowitz limit erroneously being used to
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describe the general point at which the flow chokes. The two limits are very much distinct and both are needed to fully
characterise the flow state-space. A dual solution regime also exists for pod speeds between the supersonic isentropic
and Kantrowitz limits, in which the flow may be choked or unchoked [93]. This is best explained by considering how
the flow changes with acceleration and deceleration of the pod.

In normal operation the system is expected to undergo the following state changes. Initially, the pod will be
accelerated from rest through the subsonic unchoked region. It will then accelerate past the subsonic isentropic limit
which will cause the flow to choke and a normal shock to form upstream with its separation from the pod increasing
over time. If the pod is further accelerated past the Kantrowitz limit, the separation between the normal shock and the
pod will decrease with time until the pod reaches the shock. The flow will then unchoke and a stationary bow shock
or oblique shock will sit at the nose.

When decelerating from speeds above the Kantrowitz limit, the flow will remain unchoked until the supersonic
isentropic limit is reached. Below this speed, the flow will choke again and the departing normal shock is formed
upstream again. Once the speed drops below the subsonic isentropic limit, the upstream shock should begin to
dissipate. The flow therefore shows hysteresis in the dual solution regime, with the flow staying choked if accelerating
into this regime from lower speeds and remaining unchoked if decelerating from higher speeds.

The asymptotic behaviour of the isentropic limit and Kantrowitz limit for large Mach numbers can also be deter-

mined from equations 4.11 and 4.15:

}J[l—rpoo [ﬁlsentropic] =1, (4.16)
1 1
) 3 y+1\ 2 [y+1) T
A}}E‘l@ [IBKamrowitz] =1- (7 — 1) ( 2’)/ ) (417)

~ 0.3998 (for y = 1.4).

The isentropic equation converges to a value of 1, which implies that for any Mach number, there will be a blockage
ratio (<1) that would permit flow above the isentropic limit. Conversely, the Kantrowitz limit equation converges
asymptotically to a fixed value <1 (= 0.4 for air under standard conditions). This means that any system with a
blockage ratio greater than this asymptotic value can never permit flow above the Kantrowitz limit. Supersonic
unchoked flow is therefore impossible for higher blockage ratios unless unchoking is achieved by some means other
than simply accelerating to higher speeds (e.g. having a section of tube with greater area to initialise unchoked flow
before reducing to the final area).

Operation in a choked flow state is likely to be unfeasible for Hyperloop, as the drag would continually rise due to
mass accumulation ahead of the pod. This imposes restrictions on the feasible operating speeds of the Hyperloop. For
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Feasible Subsonic Range Feasible Supersonic Range

Blockage < Isentropic Limit > Kantrowitz Limit (Isentropic Limit)

Ratio, 8 Mach No.  Velocity (km/h) Mach No. Velocity (km/h)
0.1 M < 0.68 u < 840 M > 1.58 (1.39) u > 1950 (1720)
0.2 M < 0.55 u < 680 M > 2.19 (1.60) u > 2700 (1980)
0.3 M < 0.46 u <570 M > 3.33(1.79) u > 4070 (2210)
04 M < 0.38 u <470 M > N/A (1.99) u > N/A (2460)

Table 1: Feasible pod speeds for unchoked flow with different blockage ratios. In the supersonic regime, the value in brackets is the isentropic limit
value, above which the flow may be choked or unchoked. Above the Kantrowitz limit value, the flow must be unchoked. For 8 = 0.4 and above,
flow above the Kantrowitz limit is not possible.

example, assuming a blockage ratio of 36% as suggested by Musk [5], then from figure 6 and equations 4.11, 4.15,
the allowable flow speeds to guarantee unchoked flow are M < 0.4 (u < 500 km/h) or M > 5.5 (u > 6800 km/h). The
Shanghai Transrapid Maglev already operates in the 400-500 km/h range [94], and so a Hyperloop with this blockage
ratio operating below the choked flow speeds would offer little speed benefit. At the other end of the spectrum,
travelling in the unchoked supersonic range (above the Kantrowitz limit) is also unfeasible as the track geometry
would be restricted to curves with extremely large radii to limit the lateral forces experienced by passengers.

Table 1 explores further blockage ratios and identifies the feasible upper and lower speed ranges for unchoked
flow. These examples suggest that very low blockage ratios would be needed if the flow is to be unchoked at realistic
Mach numbers. Clearly this is impractical, as it would require either very small pods or large tubes. The 1D theory
therefore highlights the need for an alternative method to mitigate flow choking without increasing the blockage ratio
if the Hyperloop concept is going to be viable. This idea is considered further with a discussion of pressure bleed
systems in section 6.9. It is also important to appreciate that the isentropic/Kantrowitz limits are based on 1D theory,

which is a significant simplification of the full physics of the system.

4.3.3. Limitations and Extensions of Steady 1D Theory

The benefit of 1D methods is that they permit theoretical analysis for fundamental flow features and rapid solution
times when used in numerical codes. However, there are limitations with this type of analysis. The most obvious
limitation of 1D results is that by their nature, they can only reproduce spatially averaged flows and cannot resolve
2D/3D features such as oblique shocks.

The 1D theory also assumes that the flow is isentropic and no shocks are present below the isentropic limit.
However, shocks may be generated at lower pod Mach numbers by a wave-steepening process. This occurs when the
compression waves created by the motion of the pod in the tube become steeper and coalesce into a normal shock that
travels upstream. This type of shock is well studied in the context of conventional trains in tunnels, and further detail

of the mechanism by which these waves are generated is given in [95, 66]. Due to the Mach number being reduced
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across the upstream normal shock, slightly higher pod Mach numbers may be attained before the flow becomes sonic
at the throat and chokes. That is, the observed critical Mach number can be higher than the 1D isentropic limit as a
result of the leading shock [85].

A further significant limitation of 1D isentropic theory is that the effects of viscosity and boundary layers are
neglected. The boundary layer that grows on the pod will increase the effective blockage ratio, which acts to lower the
critical Mach number, causing the flow to choke earlier. The impact of this behaviour becomes less significant as the
speed increases due to the boundary layers becoming thinner. The relative magnitude of viscosity effects compared to
the leading shock prediction issue is discussed further in section 5.3 with comparisons of the 1D theoretical limits to
simulated results using higher-dimensional viscous methods.

Steady 1D theory can however be extended to capture the effects of some of the transient and non-isentropic
physics of the system. For example, a simple method considering the flow in shock-fixed coordinates allows prediction
of the propagation velocity for the transient normal shock generated in choked flow, together with flow quantities
including pressure and density throughout the domain [85, 96]. Hou et al. [91] also derive limiting blockage ratios
and Mach numbers at which a normal shock will detach from the tail of the pod in 1D, though this does not generalise
to higher dimensions. Even further sophisticated analysis of the system is also possible by considering the time-

dependent flow using numerical simulation.

4.4. Unsteady 1D Simulation

The steady 1D analysis presented so far gives a powerful method for predicting the state changes of the flow in
an ETT system, as a function of the blockage ratio. This analysis can be extended further to model the transient
aerodynamics of the system with corrections accounting for additional physics such as viscous drag and heat transfer.
Unsteady 1D analysis has proven to be highly successful in the study of conventional trains in tunnels and there is a
large body of research detailing the theoretical basis of such methods [97, 98, 3]. This is also supported by validation
against model-scale experiments and full-scale field measurements [80, 24, 74, 99]. Notable 1D train-in-tunnel codes
include ThermoTun [100] and NUMSTA [24], with the latter having been developed for the design of the proposed
Swissmetro ETT system [23].

The starting point for such methods is typically the 1D, unsteady, compressible Euler equations along with the

ideal gas equation of state (equation 4.3). Additional source terms can also be included to account for wall friction
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and heat transfer using semi-empirical models. The general equations take the form [91, 101]:

0% (pA) + % (puA) = 0, (4.18)
gt (ouA) + % (puzA + pA) - pg—i =F, 4.19)
% (PAE) + % (PUAE + puA) + p%—? =0, (4.20)
where
E=ﬁ§+”§- 4.21)

F here is a term accounting for skin friction at the tube and train walls and Q is a term that describes the rate of
heat transfer. A variety of formulations for these terms exist in the literature, and details on how these are typically
constructed for train-in-tunnel simulations can be found in [91, 80, 24, 102]. Additional loss coeflicients based on the
train geometry can also be introduced in correction terms to account for the locally 3D flow regions at the nose and
tail [103]. The fundamental theory and derivation behind the 1D Euler equations can be found in classical textbooks
such as [101].

The 1D Euler equations are hyperbolic, and can thus be solved via the method of characteristics (MoC) [101, 104].
To do this, the system is reduced to set of ordinary differential equations along a set of characteristic curves, which
can then be integrated using iterative numerical methods [101]. MoC has typically been the most common choice
of solution method in 1D train-in-tunnel codes (e.g. [100, 98, 80]). In more recent 1D codes however, the finite
volume method has become more popular [91, 24, 103, 81]. This is a more general method in which the integral form
of the Euler equations are evaluated on discrete control volumes, as described by Jameson et al. [105]. The finite
volume method avoids some of the known limitations of MoC for higher Mach number flows where choking occurs
[103, 106]. Traditional MoC codes were limited to low Mach numbers, which was sufficient for conventional train-
in-tunnel simulations, but not for transonic ETT systems where flow choking may take place. More recently however,
extensions to MoC codes have been shown to be accurate up to Mach 1 with choked flow [106, 104]. Finite volume
methods such as those of Hou et al. [91] have been used to simulate ETT flows up to Mach 3. The finite volume code
NUMSTA [24] and MoC code ThermoTun [100] have been found to give very similar results up to Mach 0.8 [106],
which along with their respective experimental validation gives confidence in both numerical methods for modelling
ETT flows.

The choice of boundary conditions used for modelling the system is of critical importance. Sophisticated bound-

ary conditions that model open and closed tunnel ends, branches, cross passages and ventilation shafts have been
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developed for 1D train-in-tunnel simulations [24, 80, 100].

4.5. Computational Fluid Dynamics

The majority of studies on Hyperloop aerodynamics have utilised Navier-Stokes based Computational Fluid Dy-
namics via general purpose commercial codes. These CFD simulations allow for relatively cheap and flexible analysis
of the aerodynamics of the system in comparison to experiments, though require significantly more time than the 1D
methods discussed previously. CFD allows for rapid testing with large sets of design parameters and a huge amount

of measurable output data (e.g. lift and drag coeflicients, surface pressure, heat transfer, shock strength and position).

4.5.1. Turbulence Modelling

The choice of turbulence model plays a crucial role in ensuring the accuracy of a CFD simulation. RANS models,
and in particular the SST k-w variant [107], are currently the most widely used in aerospace applications including Hy-
perloop research. However, conventional RANS methods have well-known limitations in modelling laminar-turbulent
transition, particularly at low Reynolds numbers [108]. For high Reynolds number aerodynamics, any boundary layer
forming on a surface will generally become turbulent very quickly, and the effect of this abrupt transition can be ac-
curately captured by conventional RANS models. At lower Reynolds numbers, however, laminar boundary layers can
persist for a significant distance before transition [109]. Conventional RANS models do not adequately capture this
behaviour and can therefore give inaccurate lift/drag results, particularly when the body being simulated has strong
curvature and a separation bubble is generated [110, 111]. Further detail on the historical development of turbulence
modelling with consideration of transition and the associated limitations of popular models is given by Pope [112]
and Wilcox [113].

The shortcomings of conventional RANS for low Reynolds number flows have, to some extent, been addressed
with the introduction of transition RANS models, such as the y — Rey [109, 114] and k — k; — w [115] models.
These methods build upon the conventional models by incorporating additional transport equations to capture the
transition to turbulence in the boundary layer. These methods are fully compatible with general-purpose CFD codes
and give much improved accuracy for low Reynolds number flows where boundary layer transition is significant [109].
Another popular method for modelling transition is the e model [116, 117], which is based on linear stability theory.
This method has proven to be highly successful when implemented in two dimensional viscous/inviscid codes such
as XFOIL [118]. However, it has never been extended to general 3D Navier-Stokes CFD codes due to difficulties
obtaining sufficient accuracy for the stability equations and tracking the growth of disturbances when using grids that

are not aligned with the streamline direction [119].
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Figure 7: Typical sliding/overset CFD mesh set-up for a 3D CFD simulation of an ETT system with a symmetry plane (from present research).

The need for transition models in simulating a Hyperloop is debated. The Reynolds number of the flow places it
within a regime in which boundary layer transition will have some effect, though laminar separation is unlikely as the
pod is not inclined relative to the flow. A number of Hyperloop studies have used transition models [36, 37, 38, 120],
though only a few have included any analysis of the transition effect (this is discussed further in section 6.6). As of
yet, no study has quantified the impact of using transition models in comparison to conventional ones. It is therefore
unclear whether transition models are necessary and worth the additional computational expense when simulating
Hyperloop aerodynamics.

Scale-resolving methods, which directly resolve some portion the turbulent spectrum in the domain, can also
capture transition and have been used to model the flow in Hyperloop systems. These high-fidelity methods include
large eddy simulation (LES) and detached eddy simulation (DES), which combines LES with a RANS method to
model the small-scale turbulence in wall boundary layers [121]. A number of authors have used DES to perform high-
resolution analysis of the unsteady flow features. This includes the wake flow and shock patterns behind the pod [122],
along with the effect of nose length [123, 124], Mach number [125] and the influence of the track [126]. However,
LES and DES are prohibitively expensive for large parametric studies, and so tend to be reserved for detailed analysis

of a small set of designs or parameters rather than iterative design optimisation studies.

4.5.2. Meshing

Advanced meshing techniques have been utilised in Hyperloop aerodynamics research. The most simple set-up

uses a pod-fixed frame of reference with a static mesh. This method is the least expensive and allows for steady-state
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simulation of the system. Many studies, however, use dynamic methods, with the Hyperloop system lending itself
well to sliding overset meshes [125]. In this case, a simple structured background mesh can be generated for the
tube, while a near-field mesh is created around the pod. The tube mesh stays fixed while the pod mesh is overset
and slides through the domain at the pod speed, as shown in figure 7. The flow variables and fluxes are interpolated
and transferred between the two meshes as the simulation progresses. This is a more complex meshing and solution
process, though it is the most accurate way to model the flow physics.

The limitation with the sliding mesh method comes from the size of the tube mesh. Due to the high speed of
the pod, the tube must be extremely long to simulate even very short time periods. For example, Niu et al. [124]
required a >5km tube to generate a 6 s simulation with a maximum pod speed of 555 m/s. Typical Hyperloop CFD
simulations require mesh sizes of the order ~1-10 million cells [38, 127, 125], though up to ~80 million have been
used for high-fidelity, sliding mesh simulations [122].

Targeted clustering of the cells is required in order to capture the strong gradients in the flow, particularly in the
boundary layer and the wake region [122, 123]. High mesh density is also required to accurately resolve any shocks,
but the location of these shocks is not known a priori and they may not be stationary. Adaptive mesh refinement
based on gradients in the solution is therefore used to modify the mesh in the region of the shocks as the simulation

progresses.

4.5.3. Boundary Conditions

Typically, the no-slip condition is applied on the pod and tube walls [35]. If the simulation is performed in the
pod-fixed frame of reference, the speed of the air must be set at the upstream end of the domain and the tube walls must
be moving at the same speed [37]. As the flow is compressible, the upstream and downstream ends of the domain tend
to be set as far-field pressure/characteristic conditions with the required Mach number (which is 0 in the tube-fixed
frame of reference) [128, 129]. The symmetry of the system can also be leveraged to reduce the domain size, and thus
mesh size, by applying symmetry plane conditions. Left-right symmetry can be assumed with little loss of generality,
reducing the 3D domain size by half. Upper-lower symmetry is also used in some 3D simulations, giving another
factor of 2 reduction. A full axisymmetry assumption can reduce the problem to 2D with a central axis, drastically
reducing the computational expense, though this limits the pod design to very simple geometries and requires the pod
to be radially centered in the tube. Alternatively, planar 2D simulations can be used to model a non-centered pod
and ground proximity effects. This is equivalent to an assumption of a pod and tube with infinite span, which is an

unrealistic representation of the physics of the system and gives rise to inaccurate blockage effects.
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Authors Case/Geometry Reyn((l)\i[(:lsliljz;nber Mach Number Eﬂ'ectl;/::ag:)ockage Examples of Usage
Stine et al. [131] Hemispherical Nose 0.60 - 4.0 2.0-3.8 3% [63, 92, 127, 132, 133]
Guerra et al. [134, 135] Scramjet Combustion Chamber 0.15 2.0 3% [128, 133, 136]
Lietal. [137] Hypersonic Intake Isolator 8.7-17 1.9-49 7% [122, 123, 138]
Reinartz et al. [139, 140] Hypersonic Intake Isolator 48 - 51 24-3.0 N/A [127, 141]
Saito et al. [80] Model Train in Tube 0.18-0.30 0.24 - 0.40 12% [123, 142]
Waidmann et al. [135] Scramjet Combustion Chamber 0.15 2.0 3% [128, 133]
Gao et al. [144, 143] Scramjet Combustion Chamber 3.7 3.0 N/A [122]
Kayser and Whiton [145] Boattailed Projectile I.1-15 091-1.2 0.05% [126, 142]
Seo et al. [146] Model Hyperloop 0.0014 - 0.0028 0.47-0.93 34% N/A
Hruschka and Klatt [147] Projectile in Tube 0.52-1.6 05-1.5 39% N/A

Table 2: Experimental validation cases commonly used in numerical Hyperloop studies.

4.6. Validation

There is currently very little published experimental data for the flow generated by a Hyperloop. This hinders the
validation of the numerical methods used to simulate the aerodynamics. To adequately validate a numerical method

for simulating a Hyperloop, each of the following fundamental flow characteristics should be considered:
1. Transonic flow,
2. Blockage effects,
3. Shock reflections,
4. Low Reynolds number.

Experimental testing of a Hyperloop-type system which combines these features is non-trivial due to the unconven-
tional flow regimes. The low Reynolds number needs to be achieved by reducing the air pressure or using very
small-scale models, both of which are difficult to achieve experimentally. The Mach number and blockage ratio, on
the other hand, need to match that expected in a full-scale ETT system to accurately capture the transonic and block-
age effects. Further difficulties also arise in obtaining the correct ground/tube motion relative to the pod. This problem
has been the subject of much discussion in the context of conventional train experiments [3, 130], with solutions that
include moving model tests and translating-ground wind tunnel tests.

In the numerical studies discussed here, validation was either neglected or completed indirectly using experimental
cases that share similarities to Hyperloop (with varying degrees of relevance). No single validation case (other than
a specific Hyperloop experiment) is likely to combine all of the fundamental flow features. In the absence of this,
various cases should be tested to ensure that each flow characteristic is considered and some indication should be
given for the level of accuracy acquired. Table 2 summarises the experimental studies that have been used most

widely as validation in Hyperloop research, including the relevant flow properties in each case.
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4.7. Experimental Data

The only experimental aerodynamics published on a Hyperloop-type system to date was recently undertaken by
Seo et al. [146]. They investigated a 1:15 scale simplified axisymmetric model moving through a tube with a blockage
ratio of 34%. The ambient pressure in the tube was reduced to 150Pa and the flow was choked for all runs.

The model was propelled by the sudden release of a high-pressure air tank. It then travelled through a diffusion
tank where the propulsion air is bled off, before entering the tube test section. This method allowed the model to
reach up to Mach 0.93, which is well within the intended design range for a full scale Hyperloop. The issue with
this method is that the model has to enter the test-section from the larger diffusion tank, and generates pressure waves
in the process. This is similar to the waves generated when a high-speed train enters a tunnel [3, 65]. A full-scale
Hyperloop will be sealed within the tube the whole time it is in motion, and so these entrance waves will not be
generated. Also, the air expelled during the acceleration process of the experiment isn’t perfectly diffused away and
thus a flow is induced in the test section. The authors do account for this with an estimation of the induced flow
velocity when comparing their results with the 1D theory.

Pressures were measured at static points along the length of the test section, over the full time that the model is
in the tube. From this data, the propagation speed and intensity of the shock waves generated in front of the model
were calculated (the waves behind the model were not investigated). These were found to be in good agreement with
predictions from 1D theory for the characteristics of the shock wave generated by the choked flow (see section 4.3
and [85]). This suggests that the entrance waves did not have too significant of an effect on the characteristics of the
choked flow shock wave.

The ambient pressure achieved within the tube (150Pa) is within the range that is proposed for a full scale Hyper-
loop. The leading shock propagation speed, which was the focus of this research, can be shown to be independent of
the ambient tube pressure using the 1D equations (section 4.3 and [85]). However, the combination of the reduced
scale and reduced pressure give a diameter-based Reynolds number of 2,800 at the fastest test speed. This is around
a factor of 10 lower than a full scale Hyperloop. It may therefore have been more realistic to choose pressure in such
a way that the Reynolds number was matched to the full scale. This would have given the correct boundary layer
characteristics and thus friction drag (though these were not the focus of this study and were not measured).

This research represents an important first step in the experimental study of the flow characteristics of ETT.
Further research is required to fully explore the different flow regimes and provide rigorous benchmarks for validating

theoretical and numerical studies. The most important future directions for experimental ETT research include:

1. Investigation of the drag properties of the pod across the different flow regimes,

2. Measurements of surface pressure on the pod,
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3. Studies of the boundary layer characteristics (including transition and separation),

4. Analysis of the dependence of the flow on ambient pressure and temperature conditions in the tube.

5. Flow States and Aerodynamic Characteristics

5.1. Expected Flow States

The expected flow in the ETT system can be separated into the choked and unchoked regimes, which can then be
divided further into 6 distinct states based on the pod speed. The flow states discussed here are based on a combination
of results from the literature. The primary basis is Hruschka and Klatt [147], who studied the related case of a blunt
projectile fired at transonic speeds in a tube (28% blockage ratio). They proposed and investigated the flow states both
experimentally and numerically. The trends in flow characteristics are also supported by the 1D theory in section 4.3
and in [91]. They have also been observed in CFD simulations [39, 85, 127, 123, 141] and an experimental study of
ETT systems [146]. All of the individual flow features are well understood from fundamental aerodynamics theory,
and are observed in classical problems such as converging-diverging ducts and free jet flows [86].

The flow states for increasing pod speed and a given blockage ratio are shown in figure 8. The isentropic and
Kantrowitz limits are also included, which divide the flow state space into the choked and unchoked regimes. The

expected flow states are:

A) Subsonic Incompressible Flow: In this regime, the pod Mach number is low enough that the flow does not
exhibit strong compressibility effects. Weak compression waves will be sent upstream of the pod at approxi-
mately sonic speed [147]. A full-scale Hyperloop is unlikely to have a cruising speed low enough to be in this

flow state.

B) Subsonic Compressible Flow: For higher subsonic speeds, the compression waves ahead of the pod will be
steepened and coalesce into a normal shock wave. This process is also observed for high-speed trains in tunnels,
and is described in more detail by [66, 95, 148]. The separation distance between this leading shock wave and
the front of pod will increase with time [85]. The local flow around the pod (behind the leading shock) will be

approximately steady and isentropic.

*) The Isentropic Limit (Subsonic): The approximate critical Mach number at which the flow through the throat

becomes sonic and mass flow rate past the pod is limited.

C) Underdeveloped Choked Flow: Once the speed passes the critical Mach number (subsonic branch of the

isentropic limit), mass is continually accumulated upstream of the pod. The overall flow is inherently unsteady
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and the drag experienced by the pod increases with time. Expansion waves are produced in the supersonic
region toward the tail where the pod-tube gap diverges. Oblique shocks are then generated where the free-
stream supersonic flow is turned into itself by the separated wake region. These shocks reflect off the walls and

the wake flow before dissipating [85, 149].

Fully Developed Choked Flow: Further speed increase causes the oblique shocks to enter the wake flow, which
becomes fully developed with a regular pattern of reflecting shock diamonds filling the whole tube diameter
[85, 125]. The oblique shocks no longer dissipate smoothly. Instead, a trailing normal shock is generated where
the pressure must rapidly increase at the end of the wake region to match the far-field tube pressure [123].
As with the leading shock, in pod fixed co-ordinates, this trailing shock travels away from the pod with time.
With increasing speed, the rate at which the leading normal shock separates from the pod is reduced, while the
separation rate for the trailing shock is increased [39]. The local flow around the pod (behind the leading shock

and in front of the trailing shock) can still be taken as quasi-steady [97, 123]

The Isentropic Limit (Supersonic): This is the lowest supersonic Mach number above which unchoked flow
can exist. If the flow is decelerating from higher speeds (with the flow unchoked), this is therefore the point at

which the flow chokes again.

Dual Solution: Both choked and unchoked flow can exist in this regime. The flow will remain choked (type
D) while accelerating from lower speeds into this regime, up to the Kantrowitz limit. The flow will remain
unchoked (type E) while decelerating from higher speeds into this regime, down to the supersonic isentropic

limit.

The Kantrowitz Limit: If the flow is accelerating from lower speeds with the flow choked, this is the Mach

number at which the leading normal shock sits steady in relation to the pod.

Unchoked Flow with Strong Reflections: Beyond the Kantrowitz limit, the separation between the leading
shock and the pod decreases and eventually the flow will unchoke again. The mass flow rate past the pod can
be increased above the choked value and overall steady flow is possible. For relatively blunt pod geometries,
the leading shock becomes a curved bow shock sitting off the nose, which reflects at the tube walls [127]. If the
nose geometry is sharper, an attached oblique shock will be generated at the nose instead [92]. Depending on
the strength of the reflecting shocks, it may be the case that a trailing normal shock is again generated where

the pressure increases at the end of the wake region.

Unchoked Flow with Minimal Reflections: At very high speeds, the leading shock at the nose will not reflect
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off the tube in the vicinity of the pod (aside from in the small gap underneath, depending on the pod height).
The pod therefore experiences little blockage effect from the tube and the local flow is similar to that of the
motion in free air. It is unlikely that this would be a feasible regime for ETT as the speeds would need to be

excessively high, or the blockage ratio excessively low.

Ultimately, the blockage ratio will determine the range of pod speeds for which the flow is in each of the given
states. For higher blockage ratios, the flow will transition from states A - C at lower pod speeds, and will transition

from states C - E at higher speeds. The flow will therefore be choked over a greater range of operating speeds.

5.2. Aerodynamic Drag

The aerodynamic drag experienced by the Hyperloop pod will be highly dependant on the flow state. The typical
expected profiles of the drag force and coefficient against Mach number are given in figure 9a. These plots are based
on the results of a number Hyperloop CFD simulations [38, 40, 41, 63, 85, 91, 92, 125] and although the general
features of the graphs are observed in each of the studies, the exact profiles are determined by the pod shape, blockage
ratio and the tube pressure.

In subsonic unchoked flow (states A + B), the drag and drag coefficient both rise with Mach number. Once the
flow becomes choked (state C), this rate of drag increase becomes much steeper due to mass accumulation and the
associated pressure drag increase. After the choked flow becomes fully developed (state D), the gradient in the drag
force becomes shallower. The drag increases at a slower rate than the square of the speed/Mach number, causing the
drag coefficient to decrease with higher speed.

The expected drag characteristics for supersonic unchoked flow are not as well understood. This regime tends not
to be investigated due to that fact that a high Mach number is needed for supersonic unchoked flow, even at moderate
blockage ratios (see figure 6). From the limited literature, analysis of 1D [91] and 3D [92] results suggest that when
the pods accelerates past the Kantrowitz limit, a rapid decrease in drag is observed as the flow becomes unchoked
(with no normal shock upstream in the tube). Conversely, when a pod decelerates from high speeds where the flow is
unchoked, the drag increases rapidly again at the supersonic isentropic limit. This is due to the flow re-choking and
the leading normal shock being re-established upstream of the pod.

The drag profiles given in figure 9a and in the literature show the drag to be constant for a given Mach number.
As discussed previously, this is not strictly the case when the flow is choked. Mass is accumulated upstream of the
pod, causing the density and thus drag to increase continually. Most CFD studies are either taken to be steady, or
transient with a very short simulation time (due to prohibitive computational cost) and therefore only a small set of

instantaneous drag values can be obtained. The drag increase due to choking and mass accumulation over typical
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journey timescales has not been quantified in the literature at the time of writing.

5.2.1. Pressure vs Friction Drag

Most of the drag experienced by the pod in an ETT system will be pressure drag, with a smaller contribution
coming from friction drag [150]. The proportion of the overall drag coming from the pressure generally increases
with Mach number, converging to a roughly constant value >90% once the flow is choked and fully developed [38,
85, 91, 150]. At very high speeds, the pressure drag will drop if the flow unchokes. The pressure contribution to the
overall drag will also then reduce, and the friction drag may become the dominant contributor in this regime [91].

This profile is seen in a representative plot of the ratio of pressure drag to total drag in figure 9a.

5.2.2. Blockage Ratio and Tube Pressure

The drag profile of a pod will be heavily influenced by the blockage ratio and internal tube pressure [30]. The
general effect of increasing blockage ratio can be seen in figure 9b, with the drag coefficient increasing across the full
range of Mach numbers. Higher blockage ratios also change the positions of the isentropic and Kantrowitz limits,
causing the flow to choke earlier and unchoke later (as predicted by the 1D theory). The rapid rise and peak in drag
coefficient associated with choked flow is therefore observed at lower Mach numbers, while the drag reduction in
unchoked flow is pushed to higher Mach numbers [40, 92].

A number of CFD investigations [30, 41, 133, 150, 151, 152] have also shown that the drag force experienced by a
Hyperloop pod increases with higher internal tube pressure across all realistic speed regimes. Most of the studies find
the relationship between drag force and tube pressure to be approximately linear, and the transition points between
the flow states to be consistent between different internal pressures. As the pressure is proportional to the density, a
linear drag force to pressure relationship suggests that the drag coefficient profile for a given pod and blockage ratio

will be independent of the tube pressure.

5.3. Number of Dimensions and Simulation Method

When modelling ETT aerodynamics, the prediction of the flow states and transition points will depend on the
dimension and method of simulation. Jang et al. [85] found the critical Mach number (i.e the point at which the
flow chokes) in 2D Navier-Stokes CFD simulations to be higher than that predicted by the isentropic limit from 1D
theory. They attributed this to the previously discussed fact that 1D theory does not predict a leading shock below
the isentropic limit, across which the flow velocity is reduced. The flow will only choke once the velocity behind this
leading shock reaches the critical value, and so the pod can travel at higher speeds without choking. This delayed

choking effect was however not observed in 3D simulations near the isentropic limit performed by Yu et al. [127].

29



=

E.B
o o E
O =G
= ol 2
o o
= B2
o0 =2
< Q
- n
a —

Isentropic Limit
(Supersonic)
Kantrowitz
Limit

1} ! 1
Unchoked Choked Dual Solution Unchoked

Drag Coefficient, Cq

Pressure Drag/Total Drag

Mach Number

=5
N

)

&)

&

3

3

&

[}

3 ~_ .
o Increasing R
& Blockage !

A Ratio oo

Mach Number

Figure 9: (a) Generalised profiles of drag force and drag coefficient for a Hyperloop pod with a given tube pressure and blockage ratio [38, 40, 41,
63, 85,91, 92, 125]. (b) Eftect of the blockage ratio on the expected drag coefficient profile. Dashed lines denote drag characteristics for unchoked
flow in the dual solution region. The letters correspond to the 6 flow states shown in figure 8.

30



This may be due to the fact that these simulations were performed in pod-fixed coordinates, while those of Jang et al.
[85] used a more realistic moving-model approach in absolute coordinates.

Jang et al. [85] found that the presence of the leading shock, which increases the critical Mach number, had a
greater impact than the reduced effective blockage ratio due to the boundary layers (which would act to decrease the
critical Mach number). Thus, in general, higher-dimensional viscous methods were found to predict a higher Mach
number at which the flow chokes compared to the 1D isentropic theory [85].

Kang et al. [40] compared the observed drag results between axisymmetric 2D simulations and the corresponding
3D simulations. They found the drag coefficient to be slightly increased in the 3D case. The shape of the drag
coefficient profile was consistent between the two methods, suggesting that the predicted flow transition points are the
same in 2D axisymmetric and 3D simulations, though this was not explicitly discussed.

More research is required to assess whether the flow transition points predicted by the 1D isentropic and Kantrowitz
limits are accurate enough for ETT design purposes. This would involve comprehensive simulation of the system in
both 2D and 3D across a broad spectrum of blockage ratios and Mach numbers. From here, it can be determined
whether 1D and 2D methods concur with full 3D predictions of the choked and unchoked regimes. If the isentropic
and Kantrowitz limits are not sufficient, more accurate equations for the transition Mach numbers could be generated

(as functions of the blockage ratio).

5.4. Acceleration

In much of the research on ETT, numerical simulations are performed in steady-state, or with the pod instanta-
neously accelerated to its final speed. Comparisons to simulations with realistic acceleration and deceleration phases
have shown this instantaneous startup condition to be reasonable [153]. This is due to the fact that once a constant
speed is reached, the flow quickly develops into an approximately steady-state (locally) and the drag experienced by
the pod becomes relatively stable (though it can increase with running time if the flow is choked). The developing
flow field in the accelerating and decelerating stages are expected to exert strong and rapidly-changing forces on the
pod due to the formation and breakdown of shocks in the system [136, 153]. The drag force on the pod will be higher
in the deceleration phase than in the acceleration phase (for the same speed) as a result of the mass accumulation

ahead of the pod. The drag experienced will also be higher for greater acceleration magnitudes [136].

6. Design Considerations

The evacuated tube transport concept contains a vast number of design parameters which would need to be inves-
tigated and optimised in order to design a viable system. Only a handful of parameters have been investigated in the

literature thus far. These are summarised in figure 10 and discussed in the following subsections.
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6.1. Pod Shape

The shape of a Hyperloop pod will have a significant impact on the aerodynamic characteristics of the system. The
nose and tail geometries of a pod have been investigated by a number of authors with the objective of minimising drag
and, in some cases, optimising lift. The range of geometries that have been considered include simplified axisymmetric
shapes [38, 41, 92, 127] through to full 3D shape optimisation [132]. In the majority of these studies, the main body
of the pod is taken to be cylindrical. The effects of changing the nose and tail geometries on the aerodynamics
have been found to be largely independent of each other over a range of speed regimes [92, 132]. This allows more
efficient shape-optimisation by considering the nose and tail separately, and combining the optimal shapes into a final
geometry.

For speeds below the isentropic limit, Zhou et al. [92] and Kim and Oh [132] found the most significant drag
reduction can be achieved by optimising the shape of the pod tail. Both studies found a long, sharp tail to be the
optimum shape. Le et al. [138] also studied the effect of tail length for choked flow speeds. Again, they found that
longer tail geometries resulted in lower overall drag. They also observed a significant effect of the tail length on the
structure of the oblique shock wave generated at the rear of the pod. Shorter tails produced a pair of shocks from the
upper and lower surfaces of the pod, whereas longer tails did not produce an oblique shock at the upper surface due
to the more gradual geometry change. Consequently, fewer shock interactions and reflections are observed for longer
tails, giving a simpler flow pattern behind the pod.

At speeds above the Kantrowitz limit, Zhou et al. [92] found that lengthening the nose of the pod gave the greatest
drag reduction. This was due to the increase in sharpness which reduces the angle, and thus the strength, of the oblique
shock generated at the nose. However, for much lower speeds with unchoked flow and no shock generation at the head
of the pod, Kim and Oh [132] found a more blunt nose to be optimal in their study.

In the choked flow regime, it has been observed in axisymmetric simulations that the length and shape of the nose
and tail have a lesser effect on the drag of the pod [92, 124]. However, Hu et al. [123] still found a significant drag
decrease (up to 9%) for longer nose/tail geometries in choked flow using high-fidelity simulations with realistic tube
positioning. This was due to the longer nose generating a leading shock with a slower separation speed relative to
the pod, giving a shorter disturbed high-pressure region in front of the pod. They also investigated the differences
in the vortex structure of the wake flows, finding a longer tail to give the smallest wake, which had less prominent
interaction with the oblique shocks. This also contributed to the reduced drag.

Le et al. [138, 154] investigated the effect of the pod nose and tail angle on the aerodynamic characteristics. They
considered upward, downward and neutral angles as shown in figure 10b. The angle was referred to as the slope in

the original study, though this term is not used here to avoid confusion with the curvature of the pod. They found
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that having upward or downward nosej/tail angles had minimal effect on the drag across a wide range of speeds. This
gives further evidence to suggest that the drag is chiefly dependent on the blockage ratio and 1D profile of the gap area
between the pod and tube, which was consistent between the different angled designs. Overall it was seen that a neutral
angle on the nose and tail (i.e. an axisymmetric pod) minimised the drag, but this result may not generalise to the case
where the pod is not centred radially within the tube. Their results did however show that the angle, particularly of
the tail, had a significant effect on the lift of the pod at speeds above 200 m/s. Downward angled geometries produced
positive lift, while upward angles caused negative lift. Some amount of positive lift could be beneficial for the ETT
system, to complement the suspension system. However, high lifting loads or a strong dependence of the lift on the

pod speed would be undesirable, and potentially dangerous.

6.2. Pod Length

Numerical investigations [38, 41] using a large range of pod lengths (11-86 m) have have been performed to
investigate the impact on the aerodynamics of the system. It was found that increasing the pod length has little effect
on the pressure drag, but increases the friction drag proportionally. As the pressure drag is by far the more dominant
contribution, particularly when the flow is choked, the length of the pod only has a small effect on the total drag it will
experience. If the pod can travel at very high speeds where the flow unchokes, the overall drag will be more sensitive

to pod length, as the contribution of the friction drag will be proportionately higher.

6.3. Tube Shape

Most studies in the literature assume a circular cross section for the tube. This is the most simple geometry, but
may not give the best performance. Wang et al. [156] have presented the only study of the effect of the tube shape

on the aerodynamics. They simulated the system with 3 different tube cross-sectional geometries: circular, square
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and arched. They found the square-sectioned tube to minimise the drag experienced by the pod, though this was only
tested at a single blockage ratio and speed. Further investigation is required to optimise the cross-sectional shape of
the tube for ETT. This will need to consider the full range of potential speeds and blockage ratios, along with the

structural characteristics of the tube and its ability to sustain the forces caused by the low internal pressure.

6.4. Optimisation

Much of the literature on ETT aerodynamics is focused on the need for optimising various parameters in the
system. As noted previously, the most important objective for optimisation of the ETT system is drag; significantly
lower drag is the fundamental principle that gives ETT potentially vast benefits compared to traditional modes of
transport. The full optimisation of ETT is, however, a multi-objective problem, as considerations will also need to be
made for the lift, side-forces, aerodynamic moments and energy requirements. Many combinations of these objectives
are likely to be in conflict and thus a systematic approach is needed to consider the trade-offs and find optimal designs
[3].

To date, the majority of the ETT research has been performed using parametric studies. This involves performing
simulations (or experiments) for a set of values of a design variable and monitoring the sensitivity of the output (e.g.
the drag). This has given some initial insight into how individual parameters affect the performance of the ETT
system, however there is a need for more sophisticated optimisation studies to understand the interaction of different
design variables and their influence on the various objective functions. There are many suitable design optimisation
methods, all of which aim to achieve this in a systematic way and minimise number of the simulations/experiments
required [3].

The first step for an optimisation usually involves a Design of Experiments (DoE), which is a systematic method
of selecting design points in the parameter space [157]. Once the chosen design points have been evaluated with CFD
simulations, a metamodel can be produced which approximates the behaviour of the system. There are many methods
of building metamodels (e.g. polynomial regression, Kriging, radial basis functions [157]), all of which give a model
that can be used to estimate of the value of the objective functions at any given design point, without requiring a
direct simulation (as this is expensive). From here, an optimisation algorithm can be used to optimise the objective
functions on the metamodel to find predictions for optimal designs. This process can then be repeated by simulating
these design points and feeding the results back into the metamodel until adequate results are obtained. Again, there
is a wealth of numerical optimisation schemes that are commonly used, including genetic algorithms [158, 159] and
differential evolution algorithms [35, 160].

A key advantage of design optimisation is that a problem formulation which covers a wide design space can lead

to non-intuitive design philosophies with the potential for vastly improved performance. For a given problem, the
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greater the number of design variables, the larger the design space will be. Unfortunately, this leads to the ‘curse of
dimensionality’, whereby higher dimensional space requires significantly more data from a large number of design
evaluations. In the context of Hyperloop, the need for 3D high-fidelity CFD simulations exacerbates this issue;
without a large enough number of solutions, the objective function landscape is insufficiently covered and regions of
favourable design can be missed.

Another issue in CFD-based design optimisation is that numerical noise can be present, which in turn can hin-
der optimisation searches [161]. Gilkeson et al. [161] quantified numerical noise and proposed strategies to help
mitigate against this in a low-speed vehicle aerodynamics problem. One such strategy is the implementation of noise-
smoothing metamodels including the moving least squares method [162, 163].

Design optimisation has been used very successfully within the aerospace industry, including for relevant problems
such as the shape design of high-speed trains in free-air [164, 165, 166] and when entering tunnels [159], along with
the optimisation of components for supersonic land speed record vehicles [167, 168]. Thus far, design optimisation
methods have been underutilised in Hyperloop aerodynamics research, with very few examples in the literature [35,
132]. Design optimisation offers significant potential for efficient investigation of the performance of the system

across the full design space and could be highly valuable in realising a practical evacuated tube transport system.

6.5. Deceleration and Braking

For a Hyperloop vehicle to operate at high speeds it will of course need to decelerate at the end of a journey.
Achieving this through aerodynamic means presents another challenge due to the low density gas required in the tube.
Potentially, momentary increases in the blockage could exploit choking to dramatically raise drag and slow the vehicle
sufficiently (provided that this could be done in a stable fashion) [169]. The concept of using aerodynamic brakes for
supersonic ground vehicles has received some attention in the design of Bloodhound LSR [170]. Whether this could
safely be incorporated into the design of a vehicle operating in confined spaces remains an open question.

A separate issue concerning deceleration relates to the physiological effects on humans. When rapidly decelerating
a vehicle, the Somatogravic illusion can be extremely unpleasant. This occurs when there is conflict in the human
brain brought about by differences in visual reference and the vestibular system which is responsible for balance.
When Richard Noble set the world land speed record piloting Thrust 2 in 1983, parachutes were used to exploit
aerodynamic braking to reduce the vehicle speed from 650 mph to 200 mph. During these 5.5g deceleration events,
Noble felt as though he was hurtling downwards toward the centre of the Earth, which was a frightening experience
[171]. With the Hyperloop concept in mind, the Somatogravic illusion must be a consideration, regardless of the

means of deceleration, whether aerodynamic or otherwise.
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6.6. Boundary Layer Transition

As the flow in the ETT system is at low Reynolds number, the aerodynamic characteristics will be more sensitive
to boundary layer transition than conventional high-speed vehicles (e.g. trains in tunnels). Transition was considered
in the design process by two of the teams competing in the SpaceX Hyperloop competition [36, 37]. Both teams
focused their designs on encouraging early boundary layer transition by having the maximum sectional area toward
the front of the pod. The idea behind this is that the turbulent boundary layer can tolerate higher adverse pressure
gradients without separation, which would increase the pressure drag significantly. The trade off with this design
principle is that friction drag is increased when a higher proportion of the boundary layer is turbulent. However,
this was found to have less impact than the drag increase caused by separation of the laminar boundary layer when
transition was delayed. Forced transition of the boundary layer using a physical trip could potentially also be used to
prevent separation for a given pod shape [36]. This has not yet been studied in the context of Hyperloop.

The SpaceX competition studies were at a reduced scale, with the tube diameter approximately 50% of a full size
design [5, 172]. The Reynolds numbers, however, are approximately equal to those in a proposed commercial system
as the pressure in the SpaceX test tube was higher [37]. Boundary layer transition effects have not yet been studied for
a system at full commercial scale, though some authors have used transitional turbulence models to attempt to capture
these effects [38, 120]. At present, no comprehensive assessment of the expected transition characteristics and the

impact of these on the overall dynamics has been given for a full-scale Hyperloop design.

6.7. Ground Influence

Ground proximity, as illustrated in figure 10a, is an important factor in conventional train aerodynamics which
influences the wake flow structure, along with the lift and drag forces [173]. For ETT, the ground effect will be altered
by the enclosed tube environment as the pod has varying wall proximity in every direction. The transonic speeds and
associated shock waves will also further complicate the ground interaction. A number of studies have investigated
transonic ground effect in contexts such as confined projectiles [174] and land speed record vehicles [170]. It is found
that shock generation, interaction and reflection causes a complex dependence of lift and drag characteristics on the
proximity to the ground. This area has also been reviewed in detail by Doig [175], who notes that the rapid stability
changes associated with transonic ground effect poses major challenges for maglev based vehicles like the Hyperloop,
due to their high sensitivity to ground clearance.

As noted already, many computational Hyperloop studies neglect the influence of the ground clearance and geom-
etry by assuming the pod to be radially centered in a circular tube. This simplifies the meshing process by avoiding
small gaps between the pod and the tube, but will affect the accuracy and validity of the observed aerodynamic charac-

teristics. Some investigations have attempted to minimise the effect of this simplification by matching their blockage
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ratio to that of a realistic tube configuration with a flat base and low ground clearance [36, 132]. Kim and Oh [132]
simulated both a simplified/centred geometry and the equivalent geometry with a realistic ground shape and position-
ing, finding 11% higher drag in the latter case. This difference is greater than the drag reduction they found through
their 3D shape optimisation of the simplified centred geometry (8% reduction compared to the baseline design).
Zhou et al. [120] performed simulations of a Hyperloop under different ground clearances based on the realistic
values for maglev suspension systems. They found within the small range of clearances (25 - 100mm) that the drag
was fairly consistent but that lift increased with a decrease in separation. Hu et al. [126] studied a similar case,
investigating the effect of including a realistic track geometry. Similarly, they found the inclusion of the track had
little influence on drag forces, but that the lift coefficient increased by 23% compared to the case without the track.
The ground clearance and radial positioning of the pod are some of the most significant factors affecting the
aerodynamic characteristics of the ETT system. Further research is required to fully understand and quantify the
influence of ground effects, and this will need to include an evaluation across a range of speeds and flow regimes. The

lift mechanisms are currently not well understood and this is a notable gap in knowledge.

6.8. Multiple Pods and Cross Passage

Though most Hyperloop studies have considered a single pod in the system, there will of course be multiple pods
operating within the same tube. From the discussion so far, it has been shown that the flow field generated by each
pod can cause disturbances to propagate at high speeds and for significant distances in both directions, particularly
when the flow is choked. Therefore, it is likely that the local aerodynamic characteristics of each pod will be highly
dependent on other pods nearby, with strong interactions between the respective flow fields.

Numerical research on the interaction of multiple pods travelling in the same direction [176, 177] has shown that
when the flow is choked, the typical oblique shocks and trailing normal shock are not produced at the rear of the pod
if another pod is travelling close behind. This would be beneficial, as a strong drag reduction of up to 60% is observed
for the leading pod in comparison to an isolated pod [176]. The effect on the drag of the trailing pod in a multiple-pod
system is much weaker, as the wake and trailing shock pattern remains relatively unchanged by the presence of the
upstream pods. This is in contrast to the effects of drafting, which is common for conventional ground vehicles, where
it is the trailing vehicles that can experience significantly reduced drag compared to the lead or an isolated vehicle.

The limitation of these findings is that only relatively short separation distances (40-150 m) were tested, which
are unlikely to be safe due to the braking distance at such high speeds. More research is required to understand
whether this drag reduction is observed with more realistic pod separation distances. The significant benefits of this
‘platooning’ concept for drag reduction has also been the subject of a large amount of research on trucks and other

road vehicles [178, 179].
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Figure 11: Aerial view showing the concept of cross passages to reduce drag and extreme temperatures by allowing air exchange between multiple
ETT tubes coupled together.

The effect of directly coupling the pods together has also been tested [176], and was found to reduce the average
drag-per-pod even more significantly (a further 15%) compared to the case where the pods just travel close together.
Where possible, coupling the pods in this way could therefore be a good way to improve the aerodynamic efficiency
of the system, though it is likely to reduce the frequency of the service and thus the convenience for passengers.

The effect of cross passages/recycle ducts has also been studied for ETT [142, 180, 181]. This involves ducts
which couple two or more ETT tubes together, e.g. for pods travelling in opposite directions as in figure 11. The idea
behind this is to alleviate the piston effect and reduce extreme pressures and temperatures by allowing airflow between
the two tubes. In turn this should reduce the drag in the system.

Using numerical simulations, cross passages have been found to reduce the peak drag coefficient experienced by
the pod by up to 80%, while the maximum temperature at the nose can be reduced by 25% and the minimum value in
the wake increased by 23% [142]. The effectiveness of cross passages improves with higher blockage ratios and train
speeds, while increasing the number and the size of the ducts also increases effectiveness [180, 181].

While cross passages may offer a viable way to reduce the drag and extreme temperatures in an ETT system,
they do bring significant disadvantages. Coupling tubes together means that if the vacuum were to fail in one tube,
both would become unusable. It has also been found that the interaction of the pods in the opposing tubes can cause
highly complex and potentially unpredictable flows, giving strong lateral forces which could cause the pods to shake

violently left to right [142].

6.9. Bleed Systems

The discussion in the previous sections has shown that the flow is likely to be choked over much of the realistic

speed range of ETT. To mitigate the effect of upstream mass accumulation and the rising drag associated with choking,
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it has been proposed that a bleed system could be used in each of the pods [5]. The idea of the bleed system is to draw
in high-pressure air from the front of the pod and route this through to the low pressure region at the rear. This would
increase the mass flow rate past the pod, alleviate the pressure build up, and allow a wider range of speeds without the
flow choking.

A bleed system may be passive or active. A passive system would be driven solely by the pressure difference
between the nose and tail, using ducting to transport the bleed air through the pod without additional energy input.
An active system would incorporate a device to drive the system, which would require additional energy, and further
increase the mass flow rate through the ducting. The original Hyperloop Alpha document [5] and most subsequent
studies do not use the term bleed system. They instead specifically refer to an axial compressor, as used in aircraft
gas turbines, to be the active means of reducing choking. Bleed system is the preferred term here, which includes
both the ducting and potentially an active device to increase the mass flow. Also, the compression achieved by a gas
turbine compressor is used to reduce the volume of the gas before combustion, which is then expanded to generate
thrust. This is not required in the context of a Hyperloop pod and the device operates more as a pump rather than a
compressor. A pump is therefore the more general and appropriate term for an active component incorporated into the
bleed system.

Preliminary CFD investigations have been conducted for the aerodynamics of the system with an active bleed sys-
tem incorporated in a pod [63, 182]. Bizzozero et al. [63] considered the bleed system using two different methods.
First, incorporating additional source terms into the simulations and second, using fan interface type boundary condi-
tions. Both of these methods modelled the compressed airflow the whole way through the pod. Lluesma-Rodriguez
et al. [182] modelled the bleed system using a boundary condition at the nose to remove mass at a given pressure,
which was then re-introduced using an inlet boundary condition at the tail. This method therefore ignores the air
passage through the pod.

Both investigations compared the pressure distributions and the power consumption between cases with and with-
out the bleed system using consistent blockage ratios. They observed that the bleed system was successful in reducing
the pressure at the nose and preventing the flow from choking. Bizzozero et al. [63] found reductions in the power
requirement of up to 44% by using the bleed system, while Lluesma-Rodriguez et al. [182] found up to 70% reduc-
tions. In the latter case, however, the volume taken up in the pod for transporting the bleed air was not included in
the blockage ratio calculations. The cases with the bleed system therefore had a lower effective blockage ratio (and
thus lower internal volume) compared to the cases without. This may account for a significant portion of the observed
power reductions. The most significant power reduction was observed at the higher Mach numbers and blockage

ratios (well above the subsonic isentropic limit) where the flow is strongly choked and the mass accumulation rate is
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high. For cases with only weak or no choking, both investigations found the bleed system to be ineffective, causing a
net increase in power consumption. A mechanism for shutting off the bleed system could therefore be advantageous
for situations in which the pod travels at lower speeds.

Bizzozero et al. [63] found that both higher blockage ratios and higher Mach numbers required the active bleed
system to run at a higher pressure ratio (defined by the ratio of the pressure immediately upstream to downstream)
for greater efficiency. The study was however limited to modest pressure ratios (<4) due to numerical stability issues
when this was increased. The results suggested that the most optimum pressure ratio would likely be higher than they
could simulate for high speeds and blockage. They also investigated the generality and scalability of their results,
finding that the power benefits of the bleed system were broadly independent of the tube pressure by testing at both
1000 Pa and 10000 Pa. They also observed that these results were insensitive to the physical size of the system by
comparing to simulations at half scale; this suggests that scale effects may be minimal.

Overall, the research suggests that the use of a bleed system on Hyperloop pods could be advantageous for reducing
power consumption by avoiding flow choking. This would be achieved at high speeds and blockage ratios, which are
the areas of the design space in which a feasible Hyperloop should sit. High speeds are integral to the concept and
give the main benefit of Hyperloop over conventional rail, while high blockage ratios allow smaller tubes and thus
lower construction costs and vacuum requirements.

Despite these encouraging signs, further research is required into the use of bleed systems. The current studies
only consider speeds up to Mach 0.8, though a Hyperloop could be designed for higher cruising speeds. It is likely
that the effectiveness of a bleed system would decrease for very high speeds, as the choking strength will be decreased
when approaching the supersonic isentropic and Kantrowitz limits [127]. The use of bleed systems therefore needs to
be investigated across the whole possible speed range of ETT.

The boundary conditions and geometries used to model the bleed system in the studies to date were also highly
simplified, using 2D axisymmetry and either neglecting or simplifying the passage of the bleed air. Investigation of
more realistic 3D geometries and careful consideration of the duct volume required to route the bleed air is therefore
needed. Simulations capable of modelling higher pressure ratios would also be beneficial for understanding the
optimum value of this parameter across a wider range of blockage ratios and speeds. Finally, it is worth noting that
only active bleed systems have been considered in the literature, despite the fact that a passive bleed system would
be simpler to implement and would not require additional energy input. Therefore, an important question for future
investigation is whether passive systems could sufficiently reduce flow choking without overly decreasing the blockage

ratio, as they would be preferable if this is the case.
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Figure 12: Schematic of the impinging underexpanded jet flow generated by a breach in the tube. Adapted from [148, 183]

6.10. Tube Breaches

One potential issue with the ETT concept is the possibility of breaches in the tube causing a breakdown of the
sealed environment. In this situation, the pressure difference between the tube and the external environment would
cause a flow from the ambient surroundings into the tube. This could be caused in a variety of ways, including physical
damage to the tube (e.g from extreme weather, natural disasters, terrorism) or failure of the sealing mechanisms.

If the tube operates at the proposed 100 Pa [5, 148, 183], the magnitude of the pressure difference to the external
environment could cause very high inflow rates, even for the smallest of breaches. Ahn et al. [183] numerically studied
the flow generated by breaches of different diameters from 0.01 m to 0.9 m. They found that the mass flow rate into

the tube, 71, was approximately linear with the area of the breach, A;:

i = 208.24,. (kg/s) 6.1)

The induced flow was found to reach very high velocity, up to Mach 4.5 near the breach [183]. The flow structure is
observed to be that of a highly underexpanded jet [148], which is a widely observed flow in engineering applications
with free jets [184, 185]. A schematic of the jet in the tube is shown in figure 12. The incoming air is accelerated
to supersonic speeds and a normal shock is generated, known in this case as a Mach disk, which slows the flow to
subsonic conditions and increases the pressure. The jet then impinges on the tube and spreads along the walls. For
larger breaches with high enough mass flow rate, two normal shocks are generated which span the full cross-section of
the tube and travel away from the breach in each direction [183]. The strength and propagation speed of these shocks
increases with the size of the breach [148].

Kim et al. [148] performed numerical simulations and 1D theoretical analysis of an ETT system with a breached
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tube. They studied the interaction of the normal shocks generated by the breach and by the pod in choked flow. The
shocks are reflected and their strength changed at any point where they interact with the pod, the breach, or another
shock. This therefore creates a highly complex dynamic pressure field of interacting shocks. They observed that drag
increases rapidly when the shocks from the breach interact with the pod, and that a strong normal force is exerted on
the pod as it passes the breach.

The Mach number of the shocks generated by the breach, M;, was evaluated in 1D using shock fixed coordinates,
in a similar way to how the upstream shock speed is calculated in choked flow (see section 4.3 and [85]). The equation

can be formulated as a function of the mass flow rate into the breach, rityeach,

mbreach p1(7+ 1)MY (7_ ])M% +2
KA = pZMZAtube = Awbe ) )
2 (y_l)MY +2 27Mc _(7_ 1)

YR[(y = )M? + 2] [2yM? — (y - 1)]
(y + 1)>M? |

(6.2)

where subscripts 1 and 2 denote conditions ahead of (i.e further from the breach) and behind the shock respectively.
The factor of 1/2 applied to the mass flow rate in the above equation accounts for the fact that two identical shocks

are generated in the tube, travelling in opposite directions away from the breach. The mass flow rate can be calculated

y+1
. [ + 1\2-b
Tpreach = Abreach PO RLT() ()’ ) ) . (6.3)

Again, subscript O is used for total quantities. Equations 6.2 and 6.3 can then be solved along with the isentropic

based on the area of the breach

and normal shock relations (equations 4.3 - 4.7, 4.12) in shock-fixed coordinates, to give the propagation speed of the
shocks due to the breach.

If the flow is choked, the isentropic equations can be used to predict the local flow properties everywhere in the
domain, and the pressure can be integrated over the pod surface to give an estimation of the drag. This gives the
characteristics for short flow times before the breach shock waves interact with the shocks and flow generated by the
pod. Similar formulations of the above equations can then be used to calculate the properties after these interactions.
Kim et al. [148] found their 1D theoretical results for the wave propagation speed and tube pressures derived in this

way gave excellent agreement with 2D planar CFD simulations.

6.11. Temperature and Mach Number

As already discussed, flow choking presents a significant challenge to the viability of ETT. The onset of this
phenomenon is dictated by the critical Mach number in the throat between the pod and the tube. Equation 4.4 shows

that the local speed of sound is dependent on the ambient temperature and in hotter conditions, the speed of sound
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(M = 1) is faster. Therefore, with a given Mach number, high-speed vehicles such as Hyperloop can potentially travel
faster if the ambient temperature is increased. Alternatively, for a given pod velocity, changing the temperature of
the surrounding gas would serve to change the Mach number, which could be used to reduce the drag or potentially
alleviate choking onset.

This concept was used to the advantage of a team of engineers who broke the world land speed record in 1983
[171, 186]. They designed, built and operated Thrust 2, a ground vehicle powered by a jet engine. This vehicle was
attempting to break a long-standing speed record of 622 mph set by Blue Flame, a rocket powered car, in 1970. In
order to set a new record, Thrust 2 needed to exceed the 622 mph mark by at least 1%, averaged over two one-mile
runs, each in opposite directions, and within one hour. The driver, Richard Noble, preferred to run the vehicle early
in the morning on location in Black Rock Desert, Nevada. Due to the limited power and shape of Thrust 2, transonic
drag rises meant that the vehicle could not exceed Mach 0.84 [171, 186], and it could not achieve the record. However,
the chief designer, John Ackroyd, realised that running Thrust 2 in the hottest part of the day raised the local speed of
sound; the vehicle subsequently broke the land speed record, setting a mark of 633mph with a peak speed of 651 mph
[171]. Their calculations showed that at M = 0.834 the vehicle speed could be raised from 623 mph at 6°C to 649
mph at 28°C, a notable difference [186].

The potential for reducing drag by controlling the tube ambient temperature in a Hyperloop system has been stud-
ied numerically [38, 187]. Bao et al. [187] found a 40% reduction in drag when comparing an initial tube temperature
of -30°C to 120°C in their simulations at 1000 km/h. This was due to higher temperatures causing a much shorter
wake with weaker shock patterns due to the increased speed of sound. Oh et al. [38] observed similar findings when
testing across a range of pod speeds. They saw a drag reduction of up to 20% when increasing the ambient tube
temperature from 2°C to 100°C, but did not include any analysis of the flow field and the cause of the drag reduction.

The results from the operation of Thrust 2 and the numerical studies on Hyperloop systems underline the impor-
tance of vehicle speed and its relationship to ambient air temperature. Clearly this has the potential to be advantageous
for Hyperloop, by reducing the drag experienced by the pod. None of the current studies have directly investigated
whether flow choking could be delayed by temperature increases, so further research on this question and its impact
is required. Despite the potential benefits, increasing the temperature of a low-density gas could also prove to be
extremely challenging and energy intensive. Furthermore, a high ambient temperature in the tube could cause safety
issues and would require further energy for cooling the pods to maintain passenger comfort.

Numerical studies on the heat transfer characteristics of ETT have shown the expected temperature fields to be
highly complex, owing to the generation and reflection of shocks, and their interaction with the boundary layer and

wake flows [39, 87, 125, 141, 188, 189]. The most significant source of heating in the system is due to friction at
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the pod surface [141], which generates high temperature gradients in the boundary layer. This aerodynamic heating
is relatively mild when the flow is in the subsonic unchoked regime, but becomes much more severe if the flow is
supersonic [141]. Higher blockage ratios also increase the temperatures in the system, particularly if the flow chokes
[39]. In choked flow, the viscous heating at the pod walls is exacerbated by the heating due to high pressure in the
choked region around the pod. In numerical simulations, peak surface temperatures on the pod have been observed up
to 250°C around the nose [141] and as low as -180°C around the tail [188]. Such extreme temperatures are observed
in the operation of supersonic jets, where they are known to cause significant stresses and accelerated aging of the
aircraft structure [190]. Careful structural design and material selection will therefore be needed for the Hyperloop

pods to account for this extreme operating environment.

7. Conclusions and Future Directions

A significant amount of research into evacuated tube transport aerodynamics has been conducted, which has
allowed the prediction of the fundamental flow characteristics of the system. The different flow states of the ETT
system have been quantified, based on the blockage ratio and the Mach number. The isentropic and Kantrowitz
limits have also been derived from 1D theory as predictors of the transition points between the choked and unchoked
regimes.

Investigations have shown that pressure drag dominates the resistance experienced by the ETT pod, particularly
when the flow is choked, and the blockage ratio (which determines the choking points) is by far the biggest influence
on the drag of the pod. Lower drag is achieved with smaller blockage ratios, though the larger required tube size
is undesirable in terms of construction and vacuum costs. Initial studies on optimising the pod shape for reduced
drag have revealed that longer nose and tail geometries are favourable, while the length of the pod is relatively
insignificant. In-depth study of optimal pod shape is needed, as most current work looks at either highly simplified
geometries, or shapes taken directly from high-speed trains. This is unlikely to be optimal in the ETT system due to
the vastly different flow regimes. Design optimisation studies across much more open sets of design parameters are
also necessary to allow a more comprehensive exploration of the possible design space for the ETT pod. These should
include multi-objective studies, which account for conflicting objectives such as lift, side-loads and aerodynamic
moments, along with drag and energy needs.

Thus far, the research on ETT aerodynamics has almost exclusively been based on numerical simulation, utilising
1D isentropic methods and 2D/3D Navier-Stokes CFD. There is now a critical requirement for more experimental
research on the aerodynamics of ETT. The findings of the numerical simulations need to be validated against real-

world data in order to have confidence in the results. However, obtaining high-quality experimental data is difficult,

44



due to the unconventional flow regimes of ETT. The low Reynolds number, high Mach number, and relative motion
of the pod and tube all pose significant challenges for designing experiments to accurately analyse the flow in the
system.

Further key deficiencies in ETT aerodynamics knowledge, which could form immediate future directions of the

research, include:

1. The influence of the clearance between the pod and the tube walls. Many studies use axisymmetric simulations

with the pod radially centred and floating in the tube despite this being an unrealistic simplification.

2. The significance of mass accumulation and the associated drag increase due to flow choking over time. Transient
simulations of the system have so far been limited to short time scales (<10 s). The magnitude and severity of

the drag rise over time has therefore not yet been quantified.

3. Optimising the cross-sectional shapes of both the tube and the main body of the pod. These fundamental param-
eters are likely to have a strong effect on the aerodynamics, while also influencing the structural characteristics

in response to the pressure differences and the usable volume inside the pod.

4. Boundary layer transition effects and the drag trade-offs between designing for earlier or later transition. This
has not yet been fully discussed for a full-scale system. The use of physical trips to transition the boundary

layer at a chosen point on the pod could also be explored.

5. Methods of mitigating or delaying flow choking. The use of a bleed system is one such method, which has
been the subject of some preliminary investigations. More research is required to demonstrate the feasibility
of using a bleed system to mitigate choking without negating the benefits by requiring high additional energy

consumption.

Overall, evacuated tube transport presents a promising area of research that has the potential to enable efficient
and sustainable high-speed travel. The concept is, however, still in its infancy and a significant amount of research is
required to refine the design. Novel and innovative techniques in aerodynamic design will be required to overcome

the significant hurdles in realising a practical system and achieving the theoretical benefits of ETT.
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