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Abstract

High-speed moving vehicles in a tube with pressures similar to those experienced in aircraft at their
maximum altitude are investigated and presented. Although the concept resembles Hyperloop, the
pressure level investigated here is much higher and safer than that suggested by the Hyperloop, and
therefore, the system design is markedly different. The vehicle’s aerodynamic drag reduces with lower
operating pressures, blockage ratios, and flow Mach number. Most of the publications addressed and
studied the blocked model. However, the role of flow ingestion is not well studied. This paper analyzed
the ingestion effect on the flow field, power, and drag using multi-dimensional analysis utilizing the
Method of Characteristics (1-D) and Unsteady Reynolds Averaged Navier Stokes (URANS) with k — w
SST turbulence model for the 2-D and 3-D numerical models. A comparison between the blocked and
ingested models was performed for various ranges of Mach number (0.3 to 0.8) and blockage ratios
(0.3 to 0.7) to assess the performance of a wide range of design spaces. The attained results have
shown a significant reduction of piston effect, elimination of chocking condition, and providing the
required thrust levels to propel the vehicle along the tube. Interestingly, the analysis revealed a power
savings of approximately 90% when ingestion was employed with a vehicle speed corresponding to
M=0.6 at an operating pressure of 10 kPa.

Keywords: Hyperloop, Numerical Scheme, Method of Characteristics, 1-D viscous compressible model,
Ingested model.

Nomenclature

A, = Vehicle area P, = Free stream pressure

A,, = Area between pod and tube P, = Nozzle Exit pressure

A, = Nozzle exit area q Tube heat transfer rate
Amie: =  Area at compressor inlet v = Vebhicle heat transfer rate
Ao.m.= Nozzle area corresponding to M=1 R = Gas constant

a =  Speed of sound Re = Reynolds number

G = Specific heat at constant pressure Tw = Wall temperature

G = Skin friction coefficient ugs = Velocity at point A as in Fig. (2)
cy = Convection heat transfer coefficient V; = Jetvelocity

D = Drag force V., =  Free stream velocity

Dr = Pod diameter x,¥,z = Coordinate system

at = Time step B = Blockage ratio =AA"

Kn = Knudsen Number s . tube

L — Vehicle’s Iength Y = ; = 1.4 for ideal air

M = Mach Number p =  Flow density

m = Mass flow rate T, =  Wall shear stress

p = Operating pressure
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1 Introduction

The transportation sector has a vital role in human life and the global economy. Moving to more
efficient, safe, reliable, accessible, sustainable, and cost-effective transportation means is essential
since technology, innovative ideas, and manufacturing capabilities have improved substantially in the
last few decades. Elon Musk, in his white paper [1] was paved the roadmap for the development of
high-speed vehicles moving in a low operating pressure tube. Historically, the concept of evacuated
tube transportation has emerged and was registered as a patent in the United States in 1950 [2],1965
[3]. The European initiative for evacuated tube technologies (et3) was also an important milestone in
1999 [4]. High-speed traveling vehicles in an evacuated tube and a low-pressure environment have
attracted global attention as an upgrade of high-speed land transportation [5], [6]. Traveling at a
pressure level of 100 Pascals, equivalent to traveling at 150,000 ft, requires a vehicle design with space-
rated standards and raises great concerns for passengers’ safety. The pressure levels promoted in the
current study are similar to pressure conditions experienced by jet aircraft at their maximum flight
altitude. Airliners flying today reach 45,000 feet, while business jets can reach 51,000 feet [5]. The
lowest acceptable pressure employed in this work would be that equivalent to an altitude of 60,000 ft
of the flight-proven Concorde (10 kPa).

The aerodynamic phenomenon caused by the movement of the vehicle traveling in a tube which
includes the propagation of compression waves, and expansion waves, were studied theoretically [7]-
[9] and experimentally [10]-[12]. Computational Fluid Dynamics (CFD) has been increasingly used in
simulating and developing high-speed vehicles [13]-[25]. Like the tube, the tunnel introduces a
blockage effect highlighted as a constraint to the train’s performance and the tube operating pressure
as the flow tends to be choked [7], [26]-[28]. Once the choking phenomenon occurs, the adverse
pressure gradient is evident, and additional power is required to overcome the generated drag acting
on the vehicle [29]. Sucking such a flow from the front of the vehicle to its rear using an air axial
compressor can mitigate the choked flow effect (Kantrowitz limit) and allow the vehicle to travel fast
and efficiently [30], [31]. To the author, no experimental data exist on the vehicle traveling in a long
tube at low-pressure levels, but the work of Fukuda et al provides a field measurement on Shinkansen
train system that allows them to validate their simplified 1-D model using the method of characteristics
to study the compression wave moving in the tunnel [32]-[34].

The current work defines the analysis of the flow air-breathing effect on the flow field and power
consumption using URANS model. The K- w SST turbulent model was used to investigate the blocked
and ingested models. Fig. (1) shows the schematic of the vehicle-tube system with an axial air
compressor driven by an electric motor installed in the front of the vehicle. Jet nozzle flow aimed to
generate the required thrust. The proposed system is environmentally friendly, clean, and safe.

Figure 1. Vehicle-tube system with air ingestion

2 Vehicle-Tube System Design:

Current electrical driven aero-engines technologies like the Efanx, which is a joint program between
Airbus, Rolls-Royce and Siemens [35], has made the current proposed concept more feasible. Many
challenges appeared during this journey since all published works studied the blocked model as shown
in Fig. (2a). Limited studies have considered the air-breathing effect in such a closed environment
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system [36]. Allowing flow to pass through the pod will generate thrust, significantly mitigate the piston
effect, and reduce the choking condition. The thrust force generated by the system is given by:
Thrust = m(V; = V,) + (P, — P) A, 1)

In this work, the scope of analysis did not consider the internal flow in the duct, the mass flow inlet to
the pod, and continuity enables us to study the overall system performance assuming no choking occurs

inside the nozzles and duct system inside the pod given that the inlet to exit nozzle area ratio :
y+1

y=1,2\2(y-1)
Ainlet — i i+ 2 M
A y+1i

7 )

the critical area A* represents the nozzle area where the corresponding exit Mach number equals 1 at
this section.

*
nozzle

2.1 Problem Description

Fig. (2) presents the simplified 2-D physical domain for the two cases (i.e., the blocked model and the
ingested model). The blocked model is defined as a solid surface where no flow is allowed to be
breathed by the vehicle. This stimulates the piston effect phenomenon to occur due to the presence of
the compression wave, causing a deceleration of the vehicle due to the tremendous amount of drag
force encountered by the system. Introducing an air-breathing system by a fan /compressor module
will mitigate the piston effect and help decrease the pressure levels inside the tube, so the pressure
drag decreases remarkably. A domain length of 20 km is applied during the analysis of both cases.

It is important to investigate the Knudsen Number (kn) which is defined as the particle mean free path
ratio over the characteristic length scale. Flow regimes could be continuum or discrete based on
Knudson Number. If kn >0.01, the flow is no longer a continuum [5]. The physical Knudsen Number
k., designated by the particle mean free path and the characteristic length scale where the numerical
Knudsen Number k, ., correlates the mean free path over the cell size. The humerical Knudsen Number
controls the final CFD result, specifically with a lower Reynolds Number encountered in low operating
pressure. Finally, we may have that k,, is a function of k,,; and k,.[37].

M
Kng, = \/TgResac (2)

The numerical Knudsen Number is calculated with the fine grid considering at y+=1, and equal to
0.008, which proves the flow’s continuum assumption.

Compression Wave Accelerated flow regime

M<1 < >Wakes behind the pod
Subsonic flow

=

(a)

¢ : ! I Mass

. M t Mass inle flow

inlet EE— ) EEEREN — flow

) :
(b)

Figure 2. (a) Blocked model (b) Ingested model schematics
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2.2 1-D Aerodynamics Analysis

The simplified 1-D model provides low-cost and rapid development for the vehicle-tube design. The
blockage ratio and the operating conditions (Mach, Pressure) are essential parameters for the system.
The moving duct concept developed by Hammit [38]-[40], and Woods [41] uses an incompressible
flow model. This section extends the work of Hammit and Woods to include flow compressibility, skin
friction and heat transfer to build a simplified 1-D compressible method. The flow domain is divided
into two fields:
a) MNear-field: where the vehicle shape effect is studied. The flow is steady, and the pressure,
velocity, are evaluated in the narrow flow passages between the moving vehicle and the tube.

b) Far-field: the flow field pressure propagations confined within tube walls and dissipated by the
friction and the amount of heat transferred. Here the 1-D method of characteristics (MoC) could

be utilized.
I I l o I
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Figure 3. Schematic of pod motion in a tube
From the continuity, momentum, and energy equations for a steady variable area duct, we can have:-
dv -1 _lda
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The far-field, the unsteady flow equations are adopted:
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The friction force F = zdﬂu2 and q is the heat flux. The characteristic lines are defined by

dx/dt = u + a, and the pathline is along u. The change in velocity due to viscous and heat transfer
effects is given by:

—F. 2 Waw _Atw () 220 (5
du = +y—1 da + [i pda pd (1 + a) + y Ox (R)] dt (4)
The entropy change is given by:
(d5)patn = "= (dt) pacn (5)

Where the local velocity u = %(RJr —R7), and the local speed of sound a = VT_l(RJr +R).
Furthermore, the wave location is given by:

x —xy(tp) = [aa + yTﬂup(tp)] (t—t,) (6)
Where x,(t,) is wave location in time t,,.

2.3 The Grid and Boundary Conditions

Three grid levels for the blocked and the ingested models are generated by using ICEM CFD. Fig. (4)
& (5) present the grid for the two cases under investigation.
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Figure 4. Blocked model grid

flow Mass  flow
outlet inlet

Figure 5. Ingested model grid

Boundary conditions: the farfield boundaries defined for inlet/outlet tube portals, moving wall
corresponding to flow Mach Number is defined to simulate relative flow between tube and vehicle,
vehicle walls are stationary. Mass flow outlet and inlet boundary conditions were defined for vehicle
inlet and outlet, respectively. A grid convergence study was performed to validate the results for both
blocked and ingested models. Fine grid results were used for drag force comparison.

Table 1 Grid Convergence Study

Mesh size Drag (N) g:zf?ir::g:i;r;?)
Ingested Blocked Ingested Blocked Ingested | Blocked
Coarse 536,800 661,700 4660 51440 -6% 5%
Medijum | 1,687,500 | 1,870,125 5112 47300 3% -3%
Fine 2,318,600 | 2,729,400 4980 48900 - -

3 Results

Shock train and compression waves are the dominating phenomena for the blocked model of high-
speed vehicles moving in closed environments. A simplified model was used to highlight the effect of
air breathing through the vehicle towards the jet nozzle to contribute to the system’s propulsion was
introduced. The following sections will highlight the effect of flow ingestion on the flow field, drag levels,
and power consumption. Performing a multi-dimensional aerodynamics analysis provides a detailed
study of the vehicle-tube flow field.

3.1 1-D Method of Characteristics (MoC) results for the blocked model

The method of characteristics described in section 2.2 provides a rapid solution to predict the pressure
wave propagation within the confined tube system. A verification with URANS k — w SST solution of
the 2-D blocked model is shown in Fig. (6-a), proving a good agreement for the time series results for
the pressure wave propagations along the tube at t=1 and t=2.5 sec.
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Figure 6. Pressure wave propagation (a) along x-coordinates at t= 1, 2.5 sec,

(b)wave propagation in x-space and time, = 0.56

Fig. (6-b) illustrates a three-dimensional plot where the x-axis shows the non-dimensional length (tube
length normalized with vehicle length), and the y-axis shows the non-dimensional time (flow time
normalized with vehicle speed and length). In addition, the z-axis presents the pressure ratio (static
pressure normalized with operating pressure). It is evident that the pressure wave keeps propagating
with time and space. Vehicle movement along the tube induced the pistopn effect and the compression
wave keep propagating with space and time, also the aftbody wakes and expansion waves reduces the
pressure after the vehicle. Referance frame is attched to vehicle in this analysis. We also notice
pressure reduces remarkably due to the wake and expansion of the flow behind the vehicle as shown
in Fig. (7a, 8a).

3.2 Effect of ingestion on flow field:

The static pressure contours for the operating pressure levels of 10 kPa and M=0.6 are provided in Fig.
(7). For the two cases (blocked and ingested models), at the fine grid levels, the ingested model (Fig.
7-b) shows mitigation of the piston effect, choking condition, and the wakes after the body (Fig. 7-a).
The vehicle generates thrust from the internal flow duct system that allows ingesting the flow through
the pod.

Piston Effect N Flow Ci °|I"|5 Wakes

>

(a)

contour-1

Static Pressure [ Pa ]

3521 46569 5797 6935 BO73 9211 10348 11486 12624 13762 14800
| — |
(b)
Figure 7. Static pressure (a) Blocked, (b) Air-breathed model (M=0.6, P=10 kPa)
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Figure 8. Drag and Piston Pressure variation with Mach number

Fig. (8) reveals that the flow ingestion delays the flow choking. However, the blocked model shows a
sharp drag gradient due to the Kantrowitz effect [42], [43]. For ingested model, the chocking appears
delayed with respect to the vehicle Mach number allowing moving faster, resulting in a significant
reduction in drag and, as a result, lower power consumption at a given blockage ratio of 0.36.

3.3 Effect of ingestion on Mach number distribution

Moving at high speed in closed environments is limited by so-called Kanterwitz limits. The blocked
model demonstrated in Fig. (9-a) which faces a choking phenomenon that leads to higher power
consumption. Applying flow ingestion, as provided in Fig. (9-b), reduces Mach number levels within the
vehicle tube system and hence reducing the shock wave drag.

- :
(@)
0.00 016 03z 0.48 064 0.80 0.96 112 1.28 1.44 160
(b)
Figure 9. Mach number (a) Blocked, (b) Air-breathed model (M=0.6, p=10 kPa)

3.4 Effect of ingestion on drag

Fig. (10) shows that the blocked model drag force is higher than the ingested model, by using URANS
k—w SST at (M=0.6 and B = 0.36). Regarding the drag force components, the pressure drag
dominates for the blocked model. However, for the ingested model, the pressure drag is slightly greater
than the viscous drag component. It can also be observed that the viscous drag is almost the same for
the blocked and ingested models. These results could open the gate for researchers to investigate more
on developing air-breathing vehicle-tube systems.
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Figure 10. Drag force components for blocked and ingested models (M=0.6, P=10
kPa, B = 0.36)

3.5 Power analysis for blocked and ingested models

Mitigating the piston effect and converting the tremendous pressure energy into thrust to move the
vehicle are the ultimate goals of this work. Certainly, this simplified model requires more investigation
to be conducted to emphasize the importance of the ducting system through the pod. The current
design presumes using EfanX from Siemens and Rolls-Royce [35]. The process starts by specifying that
blockage ratio and Mach number are the key parameters for the design space. The objective is to
calculate the drag and power for each design point. The design space was filled with two plans, and
the most covering the design space was selected. The flowfield is solved by employing the URANS
simulations. The following section describes the developed algorithm for response surface generation.
As shown in Fig. (11), the O-kriging [44] was used to study the response surface for the vehicle-tube
system with and without flow ingestion. The number of samples extremely affects the computational
budget, and the high-resolution response surface also requires increasing the number of design
samples. The appropriate method that provides an optimized sampling is the Latin Hypercube
method[45], [46].

Aerodynamics

Database
generation

Sampling for design variables Design o Postprocessing
- )

Figure 11. The suggested interactive subroutine

Two sampling plans were studied, and the best filling the design space with a minimum computational
budget was selected [47].
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Figure 12. Sampling plans for the design space using Latin Hypercube
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Figure 13. Response surface of power due to drag (a) Blocked & (b) Ingested model

The aerodynamics drag is the primary “friction” force since the maglev system mitigates the friction
significantly. The response surface for the power (MW) for the blocked and ingested models are
provided in Fig. (13) a and b, respectively. It is obvious that enabling flow ingestion reduces the power
magnitude by approximately 10. As a result, the remarkable power reduction will make the operating
pressure levels within 10 kPa feasible and attractive. It can be argued that rather than going to very
low pressure, allowing flow ingestion inside the pod reduced power consumption remarkably.

3.6 3-D Aerodynamics analysis

The two-dimensional analysis is suitable for the surrogate model described previously for its acceptable
computational time (section 3.5). The suggested optimal design point is then investigated using 3D
models for the ingested case. The close proximity channel between pod and Maglev is now considered.
The blockage ratio of 0.36, which is in agreement with the work of Kim et al. [48]was selected. The
k — w SST model was utilized with a value of y+ of 5 to investigate the flowfield. Flow Mach number
and pressure are studied as illustrated in Fig. (14) at an operating Mach Number of 0.6. It can be shown
that the exit nozzle Mach Number is approximately 1.3, which clearly proves the contribution of the
ingestion to the overall propulsion of the pod. A boundary layer separation due to strong shock wave-
boundary layer interaction in the rear body is presented, requiring careful attention to the aftbody
shape.
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Figure 14. 3D model Mach number contours (M=0.6,8 = 0.36, P=10 kPa)

The static pressure distribution around the vehicle in the confined tube system is illustrated in Fig. (15).
The pressure drops downstream due to the velocity increment and the variable area's presence at
M=0.6 and g = 0.36. It is evident that near the aft body in the confined space between tube and pod,
there is a flow acceleration that causes a drop in static pressure when the Mach number reaches
approximately 1.5, as presented in Fig. (14). The exit nozzle provides lower pressure to maintain the
mass flow rate levels, which is defined as a boundary condition. The reflected shockwaves at the jet
stream are due to the unity Mach number assigned to the exit nozzle, so careful consideration should
be offered to the exit nozzle as it can control the downstream pressure and Mach number levels.

Static Pressure
1.14e+04
1.06e+04
2.20e+03
2.01e+032
8.23e+02

7.A5e+03

Figure 15. Static Pressure contour (M=0.6, B = 0.36, P=10 kPa)

4 Conclusion

This work provides some insights into a vehicle moving in a closed low-pressure environment
(tube/tunnel). This concept is not to go to ultimate low operating pressure. Although it is quite similar
to the hyperloop, a pressure level equal to 10 kPa is well adopted to enhance the safety of the
passengers. The study highlights the concept of the flow breathing through the vehicle to contribute to
the thrust force required to propel the vehicle. An electrical motor with an axial fan/compressor
configuration is introduced to allow the flow ingestion. Since the Efanx is a type certified aero engine
working with an electrical motor, it could be a starting point for designers of hyperloop programs.
Multi-dimensional aerodynamics analysis was performed starting from 1-D method of characteristics
solution, moving to the 2-D URANS extensive analysis, and eventually to the 3-D analysis of the model
using high speed computing unit to study the aerodynamics drag and power consumption applied to
different designs and operating conditions. It aims to generate an aerodynamics database for the
various configurations considering different flow conditions and design variables with optimized
numerical cost using surrogate models.

It has been concluded that the role of ingesting mechanism is evident in reducing the power
consumption and propelling the vehicle. Results showed that drag force increases rapidly if the flow
chocking phenomenon appears, and the flow ingestion would delay the flow chocking to a higher Mach
number. Also, the lowest drag force occurs at f=0.3~0.4. In this paper, the piston effect/compression
wave and flow chocking condition are reduced remarkably by considering the ingestion through the
vehicle. Further studies and investigations could be devoted to some challenges associated with this
kind of system, such as flow separation, transition, and rear-pod flow mixing.
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