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Abstract: 

The Hyperloop system is a new and innovative mode of transportation, in which high-speed 

pods move through near-vacuum tubes. In this study, a multi-pod Hyperloop system was 

analyzed using numerical simulations at different values of distance between the pods (i.e., 2L to 

4L). The numerical simulations were conducted using an unsteady, compressible solver with the 

Reynolds-average Naiver Stokes model to determine the effect of distance between the pods on 

the aerodynamic characteristics and pressure wave behaviour in the Hyperloop system. 

Moreover, the aerodynamic drag and pressure wave characteristics were determined theoretically 

based on the quasi-one-dimensional conditions to compare them to the numerical results. The 

flow conditions around the pods were divided into three different flow regimes based on the 

speed of the pods. In the flow regime 1 (              ), the compression waves develop into 

normal shock waves for the second pod without the occurrence of the choking of the flow at the 

throat. However, no shock wave occurs for the first pod due to the interaction of the low-pressure 

expansion wave and high-pressure compression wave at the tail of the first pod. Moreover, 

increasing the distance between the pods results in smoothening of the pressure distribution 

around the pods. In the flow regime 2 (              ), choking happens at the throat of the 

second pod and an oblique shock wave starts to appear within the tail section of the pod. 

Moreover, no chocking is observed for the tail section of the first pod, due to the low-pressure 

expansion wave and high-pressure compression wave between the two pods. Increasing the 

distance between the pods delays the interaction of the two waves, but overall due to the high-

pressure value at the tail of the first pod, no shockwave phenomenon is observed. In the flow 

regime 3 (                  ), the oblique shock wave at the tail of the second pod is 

swept to the larger length and finally achieves a constant pressure value. Whereas an oblique 
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shock wave starts to appear at the tail section of the first pod. Another major change that is 

observed is the decrease in the drag force value with the increase in the distance between the 

pods at all pod speeds. Increasing the distance between the pods results in smooth interaction 

between the trailing oblique shock wave of the first pod and the leading normal shock wave of 

the second pod. This results in a lower pressure value at the tail end of the first pod and at the 

head of the second pod, which results in a low value of pressure difference between the head and 

tail sections of the pods and hence, a decrease in the total drag value. Based on this study, it is 

found that increasing the distance between the pods delays the pressure waves interaction which 

in turn results in a decrease in the total drag value.  
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Chapter No. 1 

This chapter deals with the introduction and literature review to the Hyperloop System. The 

Hyperloop System is an innovative mode of transportation that includes the pods that travel 

through near-vacuum tubes. The lower pressure value allows the pods to move at high speeds 

i.e., sonic, and hypersonic. The detailed introduction along with the innovations that could be 

applied to this technology are presented in this chapter. 
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1. Introduction: 

Numerous industries place a premium on environmental stewardship. This is owing to the 

depletion of natural resources, but it also has marketing, public relations, and cost advantages. 

The transportation industry is one of these areas that is motivating and trying to become more 

environmentally friendly. 

The negative consequences of transportation on the environment are causing major concerns 

around the world, mostly because of the ever-expanding travel networks and advances within 

this sector, which have been spurred by the continually increasing demand for linked, high-speed 

travel. It is predicted that by 2050, high-speed transport would account for 41% of the global 

transportation market share, according to one estimate[1]. Regulatory authorities will be required 

to develop rules and regulations that will grow stricter by the decade, to reduce noise and 

greenhouse gas emissions because of the use of nonrenewable energy sources. A new mode of 

transportation that complies with these requirements and regulations is required because of the 

above as well as the growing need for high-speed transit. 

Hyperloop is an evacuated tube maglev train (ETMT) technology suggested by Elon Musk in 

response to recent technological developments and the growing need for affordable 

transportation[2-5]. Passengers would be transported in a maglev pod via a near-vacuum tunnel 

(1/1000 atm.) at transonic speeds. A combination of low tube pressure and maglev technology 

reduces the aerodynamic drag induced by high operating speeds[6, 7]. When compared to 

traditional transportation systems, the Hyperloop is a novel transportation mode that can comply 

with these requirements while also demonstrating considerable advantages. The technology 

consists of passenger pods that are driven via a tunnel in which the pressure is dropped to 0.1-1% 
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of the surrounding atmosphere[8] before reaching their destination. As a result of the lower 

pressure, the density is likewise reduced for the same temperature. Because of the low density, 

the pods endure a reduced level of aerodynamic drag. To achieve the planned operating velocity 

of 600 mph, the pods are levitated by electromagnets while being pushed by a magnetic linear 

accelerator. 

The transportation mechanism of the Hyperloop is very much like that of a train, even though 

it is supposed to be a straight "A-to-B" link. Having both a fast-operating speed (Ma = 0.88) and 

great energy efficiency is a common design challenge in the aerospace industry. A hybrid of rail 

and air transportation, it utilizes ground transportation as well as aircraft technology to achieve a 

whole new level of performance. Emissions are reduced when travelling at aero plane speeds in a 

high-capacity transportation mode. It also covers NASA's research objectives for high-speed 

transportation, including demand growth, sustainability, and technological convergence[9]. 

Moreover, the fluid (air) inside the tube is compressed due to the high-speed relative motion 

between the pod and tube walls which causes intense friction, this results in aerodynamic heating 

or aerothermal phenomenon[10]. The rise in the temperature value inside the tube results in 

deterioration of the thermal environment[11, 12]. Additionally, when the pod inside the tube runs 

at or above the speed of sound, the aerodynamic effects inside the tube are aggravated, which 

results in the formation of shock waves inside the tube. The formation of the shock waves 

deteriorates the flow and heat transfer process inside the tube[13, 14]. It may also result in 

fatigue damage to the structure of the pod and tube. This demands the study of the shock waves 

and defining the minimum distance between the pods if multiple pods are running inside the 

same tube.  
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The existence of the multiple pods inside the tube causes the flow stream to vary in front as 

well as behind the pods (i.e., at the nose and tail of the pods). Moreover, the interaction between 

the leading shock wave of the second pod and the trailing oblique shock wave of the first pod is 

inevitable based on the distance value between the pods. The interaction of the two waves causes 

the fluctuation of the aerodynamic properties (i.e., pressure, velocity, and temperature). These 

studies are aimed at advancing Hyperloop technology by determining the appropriate distance 

between pods, which will help reduce aerodynamic drag, and by examining flow patterns 

surrounding each pod. The interaction of the leading shock wave of the second pod and the 

trailing oblique shock wave of the first pod is observed for this research work. The aerodynamic 

characteristics are studied by varying the distance between the pods. The variation of pressure, 

Mach number and temperature are studied for both pods, at the tail of the first pod and the head 

of the second pod.  
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Chapter No. 2 

This section provides the literature review to the Hyperloop System. Comprehensive 

literature analysis was carried out to understand the working of the Hyperloop System as well as 

to find the point that will contribute towards the better understanding as well as for the 

development of this technology. It was found that the aerodynamic characteristic of the pods is 

highly dependent on the pressure, speed, temperature, and other parameters. All these parameters 

and the work that has already been completed is described in this chapter. 
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2. Literature Review: 

An object that is travelling at high speed (i.e.,       ), results in variation in the pressure 

field. Moreover, travelling of a high-speed object in a confined space (i.e., high speed train inside 

a tunnel), the compression of the flow in the frontal region of the object causes chocking 

phenomenon to occur. The theoretical and experimental studies related to high-speed projectile 

motion inside a tube show the generation and propagation of compression waves and expansion 

waves inside the tube[15]. Increasing the speed of the objective to the critical value results in the 

generation of an oblique shock wave and a trailing shock wave behind the projectile. Assorted 

studies show that the aerodynamic characteristics changes as the object move inside the tube, and 

these variations are a function of the speed of the object as well as the diameter ratio of the 

object and the tube (i.e., blockage ratio). Moreover, the transition in the aerodynamic properties 

is amplified when the speed of the object reaches the transonic speeds[15, 16]. 

The main objective of the researchers for the Hyperloop system is to reduce the aerodynamic 

drag value, which will result in economic efficiency and feasibility of high-speed trains/pods. 

The aerodynamic properties of the Hyperloop system are studied by various researchers by 

changing the speed of the pod[7, 17-21], the pressure inside the tube[7, 17-19, 21], the shape of 

the pod[17, 22], the variation of the blockage ratio (i.e. which is the ratio of the cross-sectional 

area of the pod to the cross-sectional area of the tube)[18-20], and the length of the tube[7]. 

Increasing the speed of the pod or pressure of the tube or blockage ratio (BR) or length of the 

pod results in an increase in the value of aerodynamic drag value and vice versa.  
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Previous studies have studied the generation and effects of the leading shock wave 

(compression wave) and oblique shock wave (trailing shock wave) behind the pod. Both the 

compression wave and the oblique shock wave become stronger with the increase in the value of 

the speed of the pod, the blockage ratio (BR), and the decrease in the temperature inside the tube. 

The study of the generation of this shockwave has been conducted under steady-state conditions 

as well as under unsteady conditions[7, 16-21, 23]. However, the propagation of the pressure 

waves cannot be studied under steady-state conditions. Moreover, the reflection of the pressure 

waves from the boundary of the computational domain has an adverse effect on the results of the 

simulation[16].  

The unsteady simulations previously conducted on the Hyperloop system show that the total 

drag increases with the increase in the strength of the oblique shock wave[24]. The effect of the 

variation of the pod speed[12, 24], the pressure inside the tube[24], the blockage ratio (BR)[24, 

25], and the shape of the pod[14] have also been studied by previous researchers. Moreover, the 

generation and properties of the oblique shock wave during the acceleration and deceleration of 

the pod have also been studied[26], along with the generation of different types of pressure 

waves has been thoroughly studied by various researchers[16]. However, the effects due of the 

interaction of the trailing shock wave of the leading pod and the leading shockwave of the 

trailing pod have not been considered previously.  

It has been studied previously that the compression wave, expansion wave, and oblique 

shock wave affect the aerodynamic characteristics of the pod inside the tube[24, 27]. The flow 

regime in front of the pod changes due to the existence of the compression wave in front of it. 

Similarly, the flow regime behind the pod is also disturbed due to the existence of the oblique 

shockwave. Moreover, the compression wave can propagate faster than the speed of sound while 
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the expansion waves in the downstream region prolongate at the speed of sound[28]. Recently, 

different studies have been conducted by the various researcher regarding the compression 

waves, expansion waves and oblique shock waves, and how these pressure waves affect the 

aerodynamic characteristics of the pod inside the tube[13, 25, 29]. Moreover, it has also been 

found that the normal shock wave relation applies to the Hyperloop system, and these 

relationships are applied to the Hyperloop numerical system by Jang et al.[16]. However, the 

effect of the interaction of the pressure waves on the aerodynamic characteristics of the 

Hyperloop system and the optimal distance between multiple pods inside the same vacuum tube 

has not been analyzed.  

The development of the shock waves inside the tube plays a vital role in determining the 

aerodynamic characteristics of the Hyperloop system. Previous studies have analyzed the effect 

of shock waves on the temperature and pressure distribution inside the tube. The focus was to 

study the variation of the temperature and pressure value close to the pod and tube walls. The 

studies conducted by Niu et al. confirm that the existence of shock waves endangers the 

structural integrity of the pod and has an adverse effect on the environment inside the tube[12, 

25]. The studies on the influence of the blockage ratio on aerothermal effects inside the tube 

suggest that the deterioration of the environment happens because shockwaves are affected by 

the BR value[25].  

 The understanding of the compressible flow phenomenon helps to analyze the aerodynamic 

characteristics of the single pod Hyperloop system. The flow regime, as well as the pressure 

wave distribution in different flow regimes, have been studied by Jang et al. and based on the 

pressure distribution the effect of the pressure wave on the aerodynamic drag has been 

analyzed[16]. However, the existence of multiple pods inside the same tube has not been studied 
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yet. Moreover, the existence of the multiple pods inside the same tube effects the pressure wave 

distribution of each pod and hence results in a change in the aerodynamic characteristics of the 

pods. Therefore, there should be an optimal distance between the pods so that the flow regime of 

one pod does not affect the flow regime of the other pod. This study will deal with the pressure 

wave distribution as well as the aerodynamic characteristics of the two pod Hyperloop system at 

different distances from each other. The distance between the pods will be varied to study the 

pressure wave distribution as well as the change in the aerodynamic drag on the pods.  
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Chapter No. 3 

 This chapter describes the methodology that will be utilized to carry out this research 

work. The numerical simulation is conducted via ANSYS Fluent. The geometrical configuration, 

parameters defined for the meshing, the domain of the numerical model, and the boundary 

conditions applied to the designed model are described in this chapter. 
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3. Methodology: 

3.1. Theoretical Consideration: 

The flow properties for the given numerical simulation are assumed to be in-viscous and 

isentropic. However, these assumptions are not valid across the normal shock waves. According 

to [16, 30, 31], a quasi-one-dimensional flow is also assumed through the Hyperloop System due 

to its similarities to the flow through the converging-diverging nozzle and, because this method 

is adequate for capturing the key flow characteristics. The shape of the pods and tube used for 

the simulation are presented in Fig. 

3.2. Assumptions and Governing Equations: 

It is necessary to make assumptions and simplify the aerodynamic model to lower the 

complexity of the model and, as a result, the computing effort required. It is clear, however, that 

the physical aspects must still be accurately represented, which implies that caution must be 

taken while constructing these simplifications in the first place. Because of this, it is critical to 

validate the model using CFD to determine whether the model can simulate the physical situation 

and to determine which of the neglected effects are responsible for any potential but acceptable 

inconsistencies. 

Initial modelling of flow around a pod involves simulating the flow via a channel with a 

variable area, with the pod surface and tube wall acting as channel walls. So, the flow domain 

may be thought of as a compressible (convergent-divergent) nozzle, with the assumption that 

there will be a minimum section somewhere on or near the pod surface, which corresponds to the 

throat of the section. The assumption is further strengthened by assuming that the change in area 

is gradual, resulting in the flow being modelled as a quasi-1D flow. This kind of flow is 
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characterized by the fact that all significant flow parameters change in a single direction, which 

in this instance is the flow in the x-direction. The following are the most significant implications 

of this premise, in order of importance: 

Furthermore, it is assumed that the flow is isentropic. The idealization of isentropic flow is 

usually considered to be a realistic approximation of the actual flow behaviour for accelerating 

flows (favorable pressure gradients), according to [32]. Moreover, this provides support for the 

isentropic flow assumption since the flow around the pod is in an accelerating condition for a 

considerable portion of its length in interest. The isentropic flow assumption is primarily based 

on the assumption that certain parameters, such as the total temperature, remain constant across 

the flow domain throughout the flow domain. 

 The flow parameters are uniform along each section i.e.,         ,          etc.  

      

 
  

  
   

 
  

  
   

Moreover, the flow is steady in nature and inviscid, and the air is assumed to act as an ideal 

gas. According to this assumption, the heat capacity ratio γ for air is equal to 1.4 and the ideal 

gas law is acceptable for calculating purposes. The quasi-1D flow assumption has ramifications 

for the fluid dynamic equations that regulate fluid motion. The next subsections will provide a 

brief discussion of how these equations relate to the flow field under examination in general. 
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3.2.1. Mathematical Modelling: 

The governing equations for the case of compressible flow problems are the conservation 

of mass (Equation of Continuity), conservation of momentum (Navier-Stokes Equations), and 

the equation for the conservation of energy. The mathematical description for the conservation of 

mass is represented as follows: 

   

  
 

      

   
   

(1) 

 

The general equation defined for the conservation of mass applies to both the 

incompressible flow as well as to the compressible flow[33]. Similarly, the general equations for 

the conservation of momentum and energy are defined as follows: 
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Where the factors  ,  ,  , and   are the fluid density, fluid velocity, fluid pressure, and 

fluid viscosity, respectively. Similarly, the terms like  ,      and      in the energy equation are 

the specific internal energy, the effective thermal conductivity, and the effective dynamic 
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viscosity, respectively[33]. In addition to all these equations, the solver employed for the 

modelling of the mathematical simulation was the SST      turbulence model.  

3.2.2. SST k- ω Turbulence Model: 

One of the most implicated turbulence models is the SST      turbulence model. This 

turbulence model is a two-equation eddy viscosity model. The main advantage of this model is 

that it combines two of the best turbulence models i.e.     and     models [34]. The central 

region of the computational domain is solved by     while the boundary layer region is solved 

by    . This model can flip to     behaviour in the free stream, avoiding the typical 

problems encountered with the     model. However, there is some evidence that the SST 

    model produces somewhat excessive turbulence levels in areas with high normal strain, 

such as stagnation regions and regions with considerable acceleration[35]. Moreover, the 

tendency to produce error is far less prominent ass compared to the typical     and   

  model. The governing equation for the SST     model is[36]: 

Turbulence Kinetic Energy: 
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Specific Dissipation Rate: 
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Note:      inside the boundary layer and 0 in the free stream[36]. 

Kinematic eddy viscosity: 
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   (Second Blending Function): 

 

       [*   (
 √ 

     

    

   
)+

 

] 
(8) 

 

   (Production Limiter): 

 
      (   

   

   
       ) 

(9) 

 

Based on its greater accuracy, the SST      turbulence model has been employed to 

study the aerodynamic behaviour of the Multi-Pod Hyperloop System[33, 36-38].  

3.2.3. Converging Diverging Nozzle Assumptions: 

The flow inside the tube of the Hyperloop System undergoes a variation like the flow 

inside the converging-diverging nozzle. The only difference between the two systems is that the 
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fluid moves inside the converging-diverging nozzle while in the case of the Hyperloop system, 

the pods are moving, and the flow field changes around them. The equations used to predict the 

local change in the flow field across the leading shock wave are described below: 
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Moreover, 

 
  

  
  

 

√    
 

(14) 

 
  

  
  

 

√    

 
(15) 

The   and   are the pressure and density of the fluid, respectively. Similarly, the Mach 

number for point b is calculated from the following equation. 
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These equations are solved to get the value of     . The values of the parameters like  ,    and 

     are already known from the initial assumption of the model. 

3.3. Computational Domain: 

The boundary conditions applied to the computational domain are shown in Figure. The 

shape of the pod is one of the most important parameters because it affects the aerodynamic 

characteristics of the pod. Different shapes of the pod have been studied in previous studies to 

reduce the aerodynamic drag on the pod[18, 39-41]. The most ideal pod shape has been used for 

both pods in this study. The hemispherical shape is applied to the nose and tail of both pods to 

study the general shock wave and aerodynamic characteristics in between the pods. The 

aerodynamic characteristics were studied throughout the pod’s length. The pod had a dimeter of 

3 m, and the remaining section had a length of 40 m. The diameter of the tube was set to be 5 m 

along with a blockage ratio of 0.36 in all the simulations. The length of the tube varies with the 

distance between the pods (i.e., 430, 451.5, 473, 494.5, and 516 m for the distance value of 2L, 

2.5L, 3L, 3.5L, and 4L, respectively between the pods). The inflow and outflow domain are kept 

small in all the simulations because the aerodynamic characteristics at the tail of the first pod and 

the nose of the second pod were studied.  
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Figure 1: Mesh Distribution around the pods 

Like a converging-diverging nozzle, the flow inside the tube of the Hyperloop System 

encounters the change in the cross-sectional area. The converging and diverging sections are 

observed at the head and tail of the pods inside the tube. Based on this, for the given analysis, the 

convergent section is defined for the area between the tube and the head of the pods, whereas the 

divergent is defined for the area between the tube and the tail of the pods. Moreover, the cross-

sectional area through the straight section of the pods remains the same, as seen in the figure. 

This results in the development of the boundary layers due to the viscous effects along the length 

of the pod and tube walls. As the thickness of these boundary layers increases (i.e., the area 

between the tube and pods wall converges) the flow is accelerated between the pod and tube 

wall. As a result, the flow cross-sectional area converges through the straight section of the tube 

in a way like Fanon Flow. Since the thickness of the developed boundary layer is maximum at 

the end of the straight, a region like the throat section of the converging-diverging nozzle is 

developed at the end of the straight section, as seen in the figure. 
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All the numerical simulations were tested in ANSYS Fluent 2020 R1. Under the unsteady 

state conditions, a two-dimensional, axisymmetric, compressible flow model was solved using a 

density-based solver in this study. The unsteady simulation allows for economically efficient 

modelling with adequate accuracy[7] along with the investigation of pressure wave 

propagation[15, 17, 42]. The solver employed is the implicit Roe's flow difference for the spatial 

discretization of the governing equations[43-45]. The least-squares cell-based method was used 

to find the gradient term. For the discretization of the flow terms, turbulence kinetic energy, and 

specific dissipation rate the second-order upwind approach was used. For the time integration, 

the implicit first-order method is utilized. The air was assumed to be an ideal gas along with 

Sutherland’s law to define its viscosity value. Because the Reynolds number lies within the range 

of turbulence regime, it is suitable to employ a proper turbulence model to predict the turbulence 

effect. It is possible to correctly model the mechanics of complex flow motion using direct 

numerical simulation and large eddy simulation; however, the processing cost is too high[16, 46-

50]. The shear stress transport (SST)      viscous model was employed because the flow 

employs both the laminar region and turbulence along with lower computational cost. Moreover, 

the accuracy of SST      is more as compared to the simple      and      model because 

it employs the combination of the two models.  

 

Figure 2: Schematic of the boundary conditions applied to the Multi-Pod Hyperloop System 
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The boundary condition applied to the inlet of the domain was pressure far-field because 

it is non-reflecting for one-dimensional flow. The speed of incoming flow was set to be 100, 200, 

300, and 400 m/s (   = 0.2881, 0.5762, 0.8643, and 1.152, respectively) to study the 

aerodynamic characteristics of the pods. For this purpose, the walls of the tube were set to 

motion. Whereas the boundary condition applied to the pods wall was a no-slip boundary 

condition. The pressure value was set to be 101.325 Pa at the inlet along with the temperature 

value of 300 K for all the simulations. The distance between the pods varied from 2L to 4L for 

an increment of 0.5L for each case (i.e., 2L, 2.5L, 3L, 3.5L and 4L, respectively). In this way, 

five different models with varying lengths of the tube were studied. At the outlet of the domain, 

the pressure outlet boundary condition was defined. The reference frame was defined in such a 

way that it moves with the same speed as that of the pods. 

3.4. Computational Grid: 

 The mesh was drawn using ANSYS mechanical. Because of the symmetrical 

nature of the configurations, the numerical domain was set to be two dimensional and 

axisymmetric. The quadrilateral mesh was defined throughout the length of the tube. Moreover, 

inflation layers were defined at the walls of the pod as well as on the inner wall of the tube. This 

is because the development of the boundary layers plays a vital role in the development of shock 

waves. The mesh size was set to be 0.01 m for the simulations, the y+ value distribution around 

the pods is shown in Figure 1. For the mesh independence test, the velocity value of 400 m/s 

along with the pressure value of 101.325 Pa was selected. The results of the mesh independence 

test are presented in Table 1. 
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Table 1: Detailed parameters of the grid independence test 

Case Mesh Type Pressure of 

leading shock 

wave 

Aerodynamic 

Drag on the 1
st
 

Pod 

Aerodynamic 

Drag on the 2
nd

 

Pod 

1 Coarse 263.963 1444.1885 1255.5349 

2 Medium 261.638 1347.1699 1205.0811 

3 Fine 258.463 1274.2622 1132.4538 

 

 

Figure 3: Distribution of the y+ value along the pod and tube wall at a pod speed of 400 m/s. 

 

3.4.1. Coordinate System: 

A number of coordinate systems could be selected for the numerical simulation. The 

coordinate systems that can be used are the absolute coordinate system, pod fixed coordinate 

system, and the shock fixed coordinate system. For the absolute coordinate system, all the 

parameters are defined for the global coordinates and the flow parameters are indicated without 

any subscript. Whereas, in the second coordinate system (i.e., pod fixed coordinate system), the 
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pods are assumed to be stationary while the flow is moving relative to the pods. Similarly, for the 

third coordinate system (i.e., the shock fixed coordinate system), the flow moves relative to the 

shockwave while the shock wave is assumed to be stationary. To differentiate the flow 

parameters represented in the different coordinate systems the subscript p and s are used for the 

pressure and Mach number values for pod fixed and shock fixed coordinate systems, 

respectively.  

Research studies show that a compression wave is generated in front of the pod for the 

evacuated tube maglev train (ETMT)[13, 25, 29]. Due to the characteristics of the compression 

wave, the posterior compression wave has a faster speed than the preceding compression wave. 

This results in the accumulation of the compression waves at the head of the pods and hence it 

results in the formation of the high energy, non-linear shock waves. Moreover, the shock wave 

generated at the head of the pods travels in a direction normal to the direction of flow[16]. The 

normal shock wave moves faster as compared to the pod i.e. it appears to be leading the pod 

inside the tube, hence, it is given the name of the leading shock wave in this study[6, 16]. 

3.4.2. Converging-Diverging Nozzle Relation: 

The flow in the case of the Hyperloop system encounters the variation of the area. The 

flow around the pods encounters the convergent section, the throat, and the divergent section. 

Thus, the converging-diverging relationships apply to the fluid flow around the pods of the 

Hyperloop System. The equation (1) provides the relationship between the change in the area to 

the Mach number and it is known by the name of the Area-Mach number relation[51]. 
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Where   and         corresponds to the local cross-sectional area and the cross-sectional 

area of the throat inside the tube.  

 

Figure 4: Area Mach Number Relation 

 

The velocity of the fluid inside the convergent section of the pods exhibits the same 

behaviour as that of the flow in the case of the convergent section of the nozzle. However, in the 

case of the Hyperloop System, the pods are moving instead of the fluid around them. The 

variation of the Mach number with the area ratio is shown in figure 2. There is only one 

isentropic solution for supersonic flow. For the convergent section, the subsonic flow is 

accelerated, with the subsonic value of M dictated by the local value of 
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          at the throat,     . In that case, the flow in the divergent section expands 

supersonically[51], as seen in figure 2. Thus, like a converging-diverging nozzle, a similar kind 

of flow field behaviour is assumed for the Hyperloop System. 

 

3.5. Verification: 

3.5.1. Mesh Independence Test: 

For the mesh independence test, the mesh size was set to be 0.1 m with coarse (135,474), 

medium (199,228), and fine (265,638) types. The mesh independence test was carried out for the 

pod speed of 300 m/s as it is close to the transonic regime along with the distance between the 

pods to be 3L. Additionally, the development of the shock wave (i.e., LSW and OSW) takes 

place at the transonic value, which affects the aerodynamic characteristics of the Hyperloop 

System. The distribution of the pressure value for coarse, medium, and fine mesh is shown in the 

figure. The percentage variation for the maximum pressure value is found to be 0.102 % and 

0.456 %, respectively. Similarly, the variation of the aerodynamic drag value at the head of pods 

shows a difference of 0.1% and 0.15%, respectively. Based on this, the mesh size of 0.1 m with 

fine grid settings is applied to all the simulations for sufficient accuracy of the results.  

 

3.5.2. Time Independence Test: 

Three different time independence tests were conducted to find the sufficient value of the 

time step for the sufficient accuracy of the results. For the first case, the time step size was set to 

be 0.0005 s for the simulation time of 1s. So, the total number of time steps defined for this case 
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was 2000. For the second case, the time step size was set to be 0.001 s and hence the total 

number of time steps for this case were 1000. Similarly, for the third case, the time step size was 

set to be 0.005 s and the total number of time steps for this case was 200. A comparison of 

maximum pressure values for these analyses shows a percentage difference of 0.22 % and 0.95 

% respectively. Additionally, a comparison of drag force acting on the first and second pod 

shows a difference of 0.307 % and 1.046 % for the first pod and 0.937 % and 0.078 % for the 

second pod, respectively for these three cases. Based on this, the time step size for the second 

case was selected to get sufficiently accurate results.  
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Chapter No. 4 

This chapter deals with the numerical results of the designed model. The parameters that are 

evaluated for the aerodynamic analysis of the Hyperloop System are the speed of the pods, the 

distance between the pods, the pressure distribution around the pods and temperature 

distribution. All these results are described in detail in this chapter.   
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4. Results & Discussion: 

In this research, the results of the multi-pod Hyperloop system under the compressible flow 

conditions are studied in terms of the reference frame moving at the same speed as that of the 

walls of the pod. The distance between the pods of the Hyperloop system is a crucial factor, 

related to the pressure and Mach number distribution inside the tube tunnel. The optimal distance 

between the pods should be maintained so that the interaction between different kinds of 

shockwaves (i.e. normal and oblique) and shockwave boundary layer interaction could be 

avoided, as it affects the flow regime around the second pod and hence severely affects its 

performance[52]. The results of the simulation were retrieved for a simulation time of 1s.  

4.1. Flow Distribution: 

The flow through the single pod Hyperloop system is like the converging-diverging 

nozzles. This is because the flow in the Hyperloop system encounters a similar change in the 

cross-sectional area as like a converging diverging nozzle. But the main difference between the 

flow in the Hyperloop system and that of the converging-diverging nozzle is that the pods are 

moving inside the tube while the fluid (air) is stationary, whereas, in the case of the converging-

diverging nozzle the fluid moves through the channel. The motion of the pods inside the tube 

results in compression of the fluid i.e., air at the frontal area or the nose of the pods. This 

compression of the air particles results in the formation of a compression wave (i.e., normal 

shock wave) without the chocking of the fluid at the throat section of the tube. Based on the 

speed of the pods inside the tube, the flow regime can be divided into three different 

categories[16]. For the Multi-pod Hyperloop System, the distribution of the Mach number for 

each category is shown in Figure 3. 
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If the flow speed (i.e., Mach Number) at the inlet of the convergent section of the tube is 

lower as compared to the critical value of the flow speed (i.e.,           ). The flow will not be 

accelerated to the sonic speed at the throat section of the tube. This results in the deceleration of 

the flow in the divergent section of the tube and hence the flow will remain subsonic at the tail 

section of the first pods[16], as seen in Figure 3. A similar phenomenon is true for the second 

pod as well, as seen in Figure 4. 

 

Figure 5: Flow Regime around the first pod 

Now if the speed of the flow is equivalent to the critical value of the Mach number, the 

flow will be accelerated through the convergent section of the tube and the flow speed will be 

sonic at the throat section of the pods. This will result in acceleration of the flow to the 

supersonic speed in the divergent section of the tube. But due to the interaction of two opposite 

flows i.e., from the tail of the first pod (trailing flow) and the head of the second pod (leading 
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flow), the flow at the tail section is disturbed due to the change in the pressure-flow filed. Hence, 

the flow at the tail of the first pod does not accelerate to the appropriate, as seen in Figure 3. 

However, the boundary layer separation phenomenon will be observed at the tail of the second 

pod. This will result in the formation of the oblique shockwave at the tail section of the second 

pods. Moreover, due to the existence of the oblique shock wave, the flow does not accelerate to 

the supersonic speed, which results in the deceleration of the flow through the divergent section 

of the tube[16] for the second pod. If the speed of the pods is increased further, the oblique 

shockwave is pushed to the end of the divergent section of the tube for the second pod. This 

results in the acceleration of the flow through the divergent section of the second pod, which 

results in higher Mach number flow, as seen in Figure 3. Additionally, an oblique shock wave 

starts to appear for the first pod due to the increase in the strength of the flow. But due to its 

interaction with the leading shock wave from the first pod, it disappears immediately after its 

interaction, as seen in Figure 4.  

The oblique shockwave gets swept out of the divergent portion of the second pod if the 

speed is increased further. Thus, with the increase in speed value of the pods, the flow is 

accelerated to the top limit of the Mach number for the given divergence area ratio, while the 

Mach number of the flow behind the second pod stays unchanged[16], as seen from Figure 3. 
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Figure 6: Flow Regime around the second pod 

 

4.2. Distance Between the Pods: 

The distance between the pods of the Hyperloop system is a key factor, as this distance 

affects the aerodynamic characteristics of the second pod. So, there should be an optimal 

distance between the two pods, as the interaction of the oblique shockwave generated at the tail 

of the first pod and the normal shockwave generated at the tip of the second pod causes a 

disturbance in the flow regime around the pods and hence, affects the aerodynamic 

characteristics of the pods.  
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Figure 7: Total Drag force variation with the increase in distance between the pods at the speed value of 100 m/s 

Normal and oblique shockwaves, both are destructive, and their interaction is a more 

destructive phenomenon, especially when the two waves are moving in the opposite direction 

and this interaction should be avoided at any cost. Although there are no other systems in which 

two opposing shockwaves interact with each other, in the case of the Hyperloop system, for the 

movement of multiple high-speed pods through lower pressure tub, the interaction becomes a 

crucial factor.  
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Figure 8: Total Drag force variation with the increase in distance between the pods at the speed value of 200 m/s 

When the distance between the two pods is in the range of 2L to 2.5L, a pressure 

fluctuation is observed in the frontal region of the second pod i.e., at the entrance of the 

convergent section of the second pod. This pressure fluctuation is due to the interaction of the 

oblique shockwave at the divergent section of the first pod and the normal shockwave at the 

convergent section of the second pod. This pressure fluctuation results, in inconsistent pressure 

distribution in the flow regime of the second pod. A dip in pressure value is observed for a brief 

period, afterwards with a consistent rise in pressure, just before the throat of the second pod, as 

seen from Figures. Due to this inconsistent rise in pressure value, a disturbance in the drag is 

observed for the second pod. 
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Figure 9: Total Drag force variation with the increase in distance between the pods at the speed value of 300 m/s 

It is also observed that for the pod's speed of 400 m/s, the drag force value on the first 

pod increases with the increase in the distance between the pods, this is due to the interaction of 

the particles in between the pods, a large pressure gradient is developed around the first pod and 

which results into the large value of the drag. When the distance between the pods is small, the 

pressure gradient due to the interaction of the trailing oblique shock wave at the tail section of 

the first pod and the leading shock wave at the throat section of the first pod is also small, this 

results in lower value of drag around the first pod. But when the distance between the pods 

increases, the pressure gradient around the first pod also increases due to the interaction of the 

lower pressure value obtained by the trailing oblique shock wave and the high-pressure value of 

the leading shock wave. This results in an overall smaller rise in the pressure value between the 

two pods and hence a large pressure gradient around the first pod. This results in an increase in 

the drag force around the first pod. 
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Figure 10: Total Drag force variation with the increase in distance between the pods at the speed value of 400 m/s 

Whereas a different kind of behavior is observed for the second pod. The drag force 

decreases with the increase in the distance between the pods. This is due to the lower pressure 

gradient value around the second pod i.e., the normal shock wave interacts with the oblique 

shock wave. The trailing oblique shock wave results in a large decrease in the pressure value, 

whereas a leading normal shock wave results in an exceptionally substantial increase in the 

pressure value. Moreover, the lowest pressure value for the trailing oblique shock wave exists at 

the end region i.e., where the oblique shock wave is about to end.  
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Figure 11: Pressure Distribution long the tube at the pod distance of 2L 

Similarly, when the distance between the pods is small i.e., 2L to 3L, the pressure 

decrease in the oblique shock wave is also small. When it interacts with the normal shock wave, 

it results in a larger rise in the pressure value in between the pod. This large rise in the pressure 

value results in a larger value of drag force on the second pod. But, when the distance between 

the pods is increased to a large value i.e., 3.5Lto 4L, the normal shock wave interacts with the 

diminishing oblique shock wave. This results in a lower pressure value in the frontal section of 

the second pod, and hence a lower drag value. 
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Figure 12: Pressure Distribution long the tube at the pod distance of 2.5L. 

 

Hence, increasing the distance between the pods help to eradicate this pressure 

disturbance in front of the second pod (i.e., in the convergent section of the second pod). When 

the distance between the pods is increased to 3.5L, the pressure distribution in front of the second 

pod becomes smooth and hence, a consistent value of drag force is observed for the second pod, 

as seen from the figure.  
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Figure 13: Pressure Distribution long the tube at the pod distance of 3L. 

4.3. Pressure Waves: 

 Several pressure waves and shockwave boundary layer interactions occur in the flow 

regime. A shockwave is produced under supersonic conditions, but in the case of an Hyperloop 

system, a compression wave propagates through the frontal area of the pod. As the pod travels 

through the tube, the air particles accumulate at the head of the pods and are dispersed 

downstream of the pods. The accumulation of the air particles results in the development of the 

high-pressure region, whereas the dispersion of the air particles behind the pods results in lower 

pressure regions. Moreover, a compression wave is generated at the head of the pods and an 

expansion wave is generated at the tail of the pods. These compression waves travel in the 

direction of motion of the pod, while the expansion wave propagates opposite to the direction of 

motion of the pods. 
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Figure 14: Pressure Distribution around the pods for 100 m/s speed value at the distance of 2L between the pods 

 

Figure 15: Pressure Distribution around the pods for 100 m/s speed value at the distance of 2.5L between the pods 

 

Figure 16: Pressure Distribution around the pods for 100 m/s speed value at the distance of 3L between the pods 
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Figure 17: Pressure Distribution around the pods for 100 m/s speed value at the distance of 3.5L between the pods 

 

Because of the characteristics of the compression wave, the posterior compression wave 

moves faster than the precedent compression wave. This results into the compression of the 

compression waves, which results into the formation of the normal shock wave, which is non-

linear in nature. The forward pressure waves, as seen in Figures 11-14, 15-18, 19-22, and 23-26 

evolve into the leading shock wave (LSW) for all flow regimes. Moreover, the formation of 

oblique shock wave (OSW) is observed at high pod speed close to the tail section of the pods. 

The expansion wave, on the other hand, is dispersed throughout its propagation and does not 

evolve into the conventional shock wave[16]. 
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Figure 18: Pressure Plots at 100 m/s 

 

The generation of the compression waves results in a significant rise in the pressure value 

at the frontal section of the pods. Especially for the case of the first pod, which experiences a 

normal shock wave-like phenomenon due to a significant rise in the pressure value. The pressure 

increases till the throat section of the first pod and then starts to decrease. The pressure reaches a 

minimum value at the throat section of the first pod. When the distance between the two pods is 

small (i.e., 2L to 2.5L) this pressure value starts to increase again due to the existence of the 

second pod behind it, as seen in Figure 11. Moreover, the second pod experiences a large 

pressure value like the first pod, but this pressure value is relatively small as compared to the 

pressure at the head section of the first pod, as seen in Figure 47. The relatively lower value of 

pressure is due to the interaction of the low-pressure wave generated at the tail section of the first 
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pod and the high-pressure wave generated at the head section of the second pod. The pressure 

value then increases in the same way till the throat section of the second pod and finally starts to 

decrease along the length of the divergent section of the second pod.  
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Figure 19: Pressure Distribution around the pods for 200 m/s speed value at the distance of 2L between the pods 

 
Figure 20: Pressure Distribution around the pods for 200 m/s speed value at the distance of 2.5L between the pods 

 
Figure 21: Pressure Distribution around the pods for 200 m/s speed value at the distance of 3L between the pods 
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Figure 22: Pressure Distribution around the pods for 200 m/s speed value at the distance of 3.5L between the pods 

 

Increasing the distance between the two pods delays the interaction of the two pressure 

waves, as seen in Figures 12-14. Increasing the distance between the two pods results in the 

shifting of the pressure wave interactions in the space between the two pods. Initially, when the 

distance between the pods was 2L, the pressure wave interaction was taking place close to the 

throat or at the entrance of the divergent section of the first pod. But when the distance between 

the pods is increased (i.e., at 3.5L) the interaction of the pressure waves takes place in space 

between the two pods i.e., at the end of the divergent section of the first pod and close to the 

entrance of the convergent section of the first pod, as seen in Figure 14. This results in a decrease 

in the pressure value in the divergent section of the first pod and a relatively higher value of 

pressure in the convergent section of the second pod, as seen in Figure 47. Moreover, the total 

drag force starts to increase on the first pod with the increase in the distance between the pods 

and decreases on the second pod, as seen in the above figure.  
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Figure 23: Pressure Plots at 200 m/s 

No oblique shock wave is observed at the divergent section of the first pod at a lower 

distance value between the pods (i.e., 2L to 3.5L) in flow regime 2. This is because, the flow is 

not sufficiently accelerated through the convergent section of the first pod, due to the small 

pressure gradient between the head and tail of the first pod. The leading shock wave from the 

second pod reaches the throat of the first pod rapidly due to the small distance between the two 

pods, to preserve the conditions for conservations of mass, the velocity in between the gap 

between the two pods decreases i.e., which results in a low value of Mach number (i.e., high-

pressure value) at the tail of the first pod as compared to the critical value of Mach number 

sufficient to allow the formation of the oblique shock wave. However, a pressure fluctuation 

region is formed along the length of the first pod, as seen in Figure 15-18. Increasing the distance 

between the pods results in the formation of the oblique shock wave at the divergent section of 
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the second pod, because the flow is sonic at the throat section of the second pod in flow regime 

2.  

Additionally, an oblique shock wave also appears in the divergent section for the second 

pod, because the flow is sonic at the throat section of the second pod in flow regime 2. This is 

due to the relative motion, the annular shape gab, and the viscosity effects between the pod and 

tube wall leading to the normal shock wave to be inclined on the wall and as a result preserving 

the wall boundary condition as a result an oblique shock wave is generated due to this reflection 

of the shock wave form the tube wall boundary. In regime 2, the position of the oblique shock 

wave is set at the point where the propagation speed of the oblique shock wave and the flow 

speed are balanced, independent of flow time, as illustrated in Figures 15-18.  
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Figure 24: Pressure Distribution around the pods for 300 m/s speed value at the distance of 2L between the pods 

 

Figure 25: Pressure Distribution around the pods for 300 m/s speed value at the distance of 2.5L between the pods 

 

Figure 26: Pressure Distribution around the pods for 300 m/s speed value at the distance of 3L between the pods 



Page 65 of 103 

 

 

Figure 27: Pressure Distribution around the pods for 300 m/s speed value at the distance of 3.5L between the pods 

 

In the flow regime 3, increasing the pod speed exhibits a similar phenomenon, except for the 

fact that interaction of oblique shock wave and normal shock wave exists in between the two 

pods, which results in a maximum rise in the pressure value for the second pod. Finally, an 

oblique shock wave exists at the tail section of the second pod at a larger speed value i.e., at 300 

m/s and 400 m/s, as seen in Figures 19-22, and 23-26, followed by an expansion region at the 

end of the tube. There is a rapid rise in pressure due to the leading shockwave, and the pressure 

value decreases behind the leading shockwave. A similar kind of pressure distribution is 

observed in the case of high-speed train tunnels. Before the forward expansion wave passes 

through the pod, the flow accelerates to sonic speed, particularly at speeds of 300 and 400 m/s. 
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Figure 28: Pressure Plots at 300 m/s 

As seen in Figures 19-22, and 23-26, in this situation, no interaction zone is produced 

upstream of the first pod since the forward expansion wave is unable to propagate across the first 

pod. A different kind of behaviour is observed for the second pod. Because there is an oblique 

shockwave in front of the second pod due to the existence of the first pod, there is a decrease in 

pressure in the frontal region of the second pod. But due to the normal shockwave generated by 

the compression of the air in front of the second pod, a large pressure exists at the entrance to the 

convergent section of the second pod. The increase in pressure rise for the second pod is lower 

and is explained by the fact that an oblique shockwave exists in front of the second pod, which is 

responsible for a considerable decrease in pressure. However, this pressure rise is lower as 

compared to the pressure rise in the case of the first pod. Moreover, an interaction region is 

developed at the tail of the second pod due to the interaction of the receding shock wave and the 

backward expansion wave. Since the direction of propagation of the second pod and the receding 
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shock wave are the same, so it passes through the pod regardless of the pod speed. As a result, 

the downstream interaction zone can be observed in all flow regimes[16]. 
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Figure 29: Pressure Distribution around the pods for 400 m/s speed value at the distance of 2L between the pods 

 

Figure 30: Pressure Distribution around the pods for 400 m/s speed value at the distance of 2.5L between the pods 

 

Figure 31: Pressure Distribution around the pods for 400 m/s speed value at the distance of 3L between the pods 
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Figure 32: Pressure Distribution around the pods for 400 m/s speed value at the distance of 3.5L between the pods 

 

 

Similarly, the oblique shock wave does not appear at the tail section of the first pod due to 

the smaller distance value between the pods (i.e., 2L to 2.5L). When the distance between the 

pods is increased to 3L and 2.5L for 300 m/s and 400 m/s pod speed, respectively, the oblique 

shock wave appears at the tail section of the first pod. However, for the second pod, when the 

flow is fully accelerated in regime 3, the oblique shock wave is swept downstream. As a result, 

the oblique shock wave extends downstream and the trailing shock wave propagates away from 

the pod at the end of the oblique shock wave, as seen in Figures 19-22, and 23-26. 
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Figure 33: Pressure Plots at 400 m/s 

 

4.4. Mach Number and Pressure Field Distribution: 

Eq. (1) is used to get the subsonic solution i.e., 0.408 and supersonic solution 1.91 for the 

blockage ratio of 0.36. The subsonic solution is representing the    
 

 for the isentropic flow 

under the chocking condition and the supersonic solution represents the    
 

 for the isentropic 

flow under the chocking conditions. The critical Mach number is represented by         . No 

sonic flow exists at the throat section of the pods in flow regime 1. Moreover, the pod's speed is 

100 m/s corresponding to the flow regime 1. Due to the leading shock wave, the Mach number 

decreases for the frontal region of both pods of the multi-Pod system, and the value of Mach 

number found for the frontal region of the first pod is 0.35, as seen in Figure 38. This value of 

Mach number remains the same no matter what the distance between the pods is. However, the 
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Mach number found in the frontal section of the second pod is found to be greater than the 

critical value of the Mach number. The Mach number found in the frontal section of the second 

pod is 0.425. This is due to the deceleration of the flow field followed by a sudden acceleration 

at the frontal section of the second pod. This higher value of the Mach number causes the flow 

field to accelerate till the end of the throat section of the second pod. As a result, the Mach 

number increases followed by a sudden decrease in the throat section, as seen in Figure 38. Thus, 

although the first pod is travelling at a higher speed as compared to the critical Mach number 

        , the leading shock wave reduces the    
 

 below          for the first pod and delaying 

the choking of the flow. But for the second pod, the effect of the leading shock wave at the 

frontal section of the pod is suppressed by its encounter with the expansion of the flow regime 

generated at the tail section of the first pod. This results in higher value of Mach number for the 

frontal section of the second pod. Moreover, with the increase in the distance between the pod, 

the Mach number is accelerated to higher values at the end of the throat section of the second 

pod, as seen from Figure 34-38. 
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Figure 34: Velocity Distribution around the pods for 100 m/s speed value at the distance of 2L between the pods 

 

Figure 35: Velocity Distribution around the pods for 100 m/s speed value at the distance of 2.5L between the pods 

 

Figure 36: Velocity Distribution around the pods for 100 m/s speed value at the distance of 3L between the pods 
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Figure 37: Velocity Distribution around the pods for 100 m/s speed value at the distance of 3.5L between the pods 

 

From Figures 12-30, the pressure of the leading shock wave is increasing with the 

increase in the speed of the pods. On the contrary, the backward expansion wave generated at the 

lower end of the second pod generates a low-pressure region in the downstream section. 

However, a rise in the pressure value exists at the tail section of the first pod as compared to the 

tail section of the second pod. The rise in the pressure value is large in space between the two 

pods when the distance between the pods is small i.e., 2L and 2.5L. The rise in the pressure value 

decreases with the increase in the distance between the pods, as seen in Figures 12-15, 17-20, 22-

25, and 27-30. Moreover, the effect of the variation of the backward expansion wave is not as 

prominent as compared to that of the leading shock wave.  
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Figure 38: Mach Number variation at 100 m/s flow speed 

For the case, when the pod speed is 200 m/s it corresponds to the flow regime 2. An 

oblique shock wave starts to appear at the divergent section of the pods. The oblique shock wave 

is more prominent in the case of the second pod as compared to the first pod because the rare end 

of the second pod does not experience the presence of any other shock wave generated due to the 

preceding pod. Whereas the rare section (i.e., tail, or divergent section) of the first pod 

experience the effect of a leading shock wave generated at the head of the second pod. This 

results in a decrease in the Mach number value at the end of the throat section of the first pod.  
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Figure 39: Velocity Distribution around the pods for 200 m/s speed value at the distance of 2L between the pods 

 

Figure 40: Velocity Distribution around the pods for 200 m/s speed value at the distance of 2.5L between the pods 

 

Figure 41: Velocity Distribution around the pods for 200 m/s speed value at the distance of 3L between the pods 
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Figure 42: Velocity Distribution around the pods for 200 m/s speed value at the distance of 3.5L between the pods 

 

The chocking exists at the throat section of the second pod in this flow regime. The value 

of    
 

 remains smaller for the second pod as compared to          due to the existence of 

boundary layers. Because of the shear field that exists at the wall of the pod and tube, boundary 

layers are developed along the wall of the pod and tube[16]. Due to these boundary layers, the 

flow encounters a narrower throat area for the second pod than would otherwise be expected for 

the designed system. As a result, the real value of the Mach number    is lower for the second 

pod as compared to the critical Mach number         . Moreover, for the second pod, the 

maximum value of the Mach number achieved at the throat is lower as compared to the first pod. 

This is due to the interaction of the low-pressure region (at the tail of the first pod) and high-

pressure leading shock wave (at the head of the second pod). However, due to the existence of 

boundary layers at the throat section of the second pod, a large value of Mach number is 

observed.  
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Figure 43: Velocity Distribution around the pods for 300 m/s speed value at the distance of 2L between the pods 

 

Figure 44: Velocity Distribution around the pods for 300 m/s speed value at the distance of 2.5L between the pods 

 

Figure 45: Velocity Distribution around the pods for 300 m/s speed value at the distance of 3L between the pods 
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Figure 46: Velocity Distribution around the pods for 300 m/s speed value at the distance of 3.5L between the pods 

 

An oblique shock wave exists at the tail section of the second pod. The oblique shock 

wave is pushed backwards at a higher value of pod speed, allowing the flow to accelerate 

further[16] in the divergent section of the second pod. Moreover, the viscosity effect causes a 

flow separation at the tail of the first pod. As a result, the separation of the flow postpones the 

divergence of the flow's region of encounter. Due to this, the flow accelerates after the diverging 

part and continues for a short distance further. 

However, the oblique shock wave generated at the tail section of the first pod disappears 

due to its interaction with the leading shock wave. The trailing oblique shock wave is a lower 

pressure wave and results in a lower pressure region at the tail of the first pod, whereas the 

leading shock wave is a high-pressure wave. With a smaller value of the distance between the 

pods, the trailing oblique shock wave interacts with the leading shock wave, which results in the 

overall intermediate value of pressure between the two pods. A flow separation region is 

encountered at the interaction point of the two shock waves. A similar flow separation 

phenomenon is observed at the tail of the second pod, as a result, the delay in the divergence of 

the area encountered by the flow is observed, as seen in Figure 47.  
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Figure 47: Velocity vector around the tail of the second pod for a pod speed of 200 m/s 

 

Moreover, due to the small value of the distance between the pods (i.e., 2L), the two 

different pressure regions encounter each other at the tail of the first pod. This results in small 

pressure fluctuation close to the tail of the first pod, but the overall flow stream remains smooth, 

and no flow separation is observed in this case. 
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Figure 48: Interaction Region of the Trailing Expansion wave and the Leading Compression Wave at the tail of the first pod at a 

distance value of 2L for the pod speed of 300 m/s 

 

Apart from the pressure oscillation caused by the oblique shock wave, regime 2's 

propensity for pressure is comparable to regime 1's, as illustrated in Figure 23. As the pod speed 

rises, so does the pressure in the LSW, while the pressure in the BEW falls. Finally, with the pod 

speed increasing,     rises and     falls. 
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Figure 49: Mach Number variation at 200 m/s flow speed 

The flow regime 3 exists for the pod speed of 300 to 400 m/s. At the distance value of 2L 

to 2.5L between the pods, no jet is observed at the tail of the first pod for the pod speed value of 

300 m/s. Similarly, for a distance value of 2L between the pods, no jet formation is observed at 

the tail section of the first pod at a speed value of 400 m/s of the pods. This is due to the 

interaction of the low pressure trailing oblique shock wave and the high-pressure leading shock 

wave due to the smaller distance between the two pods. As a result of this interaction between 

two pressure waves, the pressure region between the pods is neutralized i.e., it results in a high 

value of the pressure as seen in Figures 28 and 33. This high value of pressure results in no jet 

formation at the tail section of the first pod, as seen in Figures 43, 44 and 50. 
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Figure 50: Velocity Distribution around the pods for 400 m/s speed value at the distance of 2L between the pods 

 

Figure 51: Velocity Distribution around the pods for 400 m/s speed value at the distance of 2.5L between the pods 

 

Figure 52: Velocity Distribution around the pods for 400 m/s speed value at the distance of 3L between the pods 
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Figure 53: Velocity Distribution around the pods for 400 m/s speed value at the distance of 3.5L between the pods 

 

Additionally, the intense interaction of the expansion wave and the compression wave 

results in the flow separation phenomenon close to the walls of the tube, as seen in Figure. 

Moreover, two additional converging-diverging sections are encountered by the flow. A flow 

separation region is also formed in the middle section of the flow stream due to the viscosity 

effect of the flow, which leads to the delay in the flow region of the encounter. This results in the 

expansion of the flow pattern at the later section of the interaction of the two pressure waves, 

which in turn leads to the decrease in the overall pressure value at the front section of the second 

pod.  
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Figure 54: Interaction Region of the Trailing Expansion wave and the Leading Compression Wave at the tail of the first pod at a 

distance value of 3L for the pod speed of 300 m/s /s 

Increasing the speed of the pod results in an increase in the strength of the flow 

separation phenomenon close to the walls of the tube, as seen in Figure. Moreover, only a single 

converging-diverging section is encountered by the flow stream. This leads to a decrease in the 

pressure value as for the case when the distance between the pods was 3L. However, due to the 

large distance between the pods (i.e., 4L) the pressure value at the frontal section of the second 

pod is smaller as compared to the previous case. this leads to an overall lower value of pressure 

drag for the second pod. 

 

Figure 55: Interaction Region of the Trailing Expansion wave and the Leading Compression Wave at the tail of the first pod at a 

distance value of 4L for the pod speed of 300 m/s /s 
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On the other hand, the second pod shows a different kind of behaviour. A low-pressure 

region exists at the tail end of the second pod. This results in the development of the jet with 

reduced expansion at the tail of the first pod. An under-expansion results at the tail of the first 

pod due to the confined space in the case of the Multi-Pod Hyperloop System. A shock cell 

structure for the first pod is observed in this under the expanded jet. Additionally, due to the 

reflection at the tube walls, the shock cell structures observed for the second pod vary from the 

structure found in an under-expanded jet in open space. However, it is comparable to that found 

for an under-expanded confined jet[47]. Moreover, for the pod's distance of 2L, the Mach 

number at the tail of the first pod reduces further instead of increasing due to this high value of 

pressure. The Mach number observed at the tail of the first pod is 0.8. However, with the 

increase in the distance between the pods the pressure value of the region between the pods 

reduces due to delay in the pressure waves interaction.  

With the increase in the distance between the pods (i.e., 3L to 3.5L), a jet with a reduced 

expansion is observed at the tail of both pods. This is due to the lower pressure value behind the 

pods, a lower pressure region is developed which results in a lower value of    . As a result of 

this under expansion, a shock cell structure is observed under the expanded jet. The distribution 

of Mach numbers in regime 3 is seen in the figure.  

In addition, the divergent section of both pods does not include the oblique shock wave, 

and the flow is completely accelerated through the divergent section. As a result,    
 

 stays 

constant regardless of how fast the pods are moving forward. For a flow that is inviscid and 

isentropic, and    
 

 is 1.91, which is equal to the supersonic solution of Eq (1)[16]. However, 
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because of the influence of the boundary layer, the flow meets a narrower throat region, and the 

flow's Mach number jumps to as high as 2.10 for the second pod. The highest Mach number 

appears significantly distant from the tail of the second pod at this point, as previously discussed 

for the flow regime 2.  

 

Figure 56: Mach Number variation at 300 m/s flow speed 

The flow affinities of the pressure value of leading shock wave, backward expansion 

wave and     is just like the flow regime 1 and 2, as seen from the figure. However, the     

exhibits distinct kinds of behavior concerning the speed of the pod. It is observed that the total 

pressure value increases with the increase in the pod's speed. The following equation expresses 

the overall pressure in a compressible flow: 
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)      ]

 
   

  
(19) 
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In this equation,    corresponds to the total pressure value. As a result of Eq. (20), it has 

been found that the pressure rises at a rate that is proportional to that of the increase in total 

pressure provided that the Mach number is held constant. As a result, under regime 3,     grows 

in proportion to the increase in speed of the pods. 

4.5. Analysis of Aerodynamic Drag Distribution: 

Figure 57-60 shows the simulated results for the pressure values at the nose and tail of 

both pods. The       for first pod and       for the second pod decreases with the increase in the 

distance between the pods at all values of the speed. There is a large value of pressure at the tail 

of the first pod and the nose of the second pod at a smaller distance value for all pod speeds. This 

is because the smaller distance between the pods causes the compression of the particles in 

between the pod, which results in an intense rise in the pressure value. However, increasing the 

distance between the pods result in a decrease in the value of        for first pod and       for the 

second pod. Increasing the distance between the pods allows the air particles in between the pods 

to move smoothly in between the pods and hence a decrease in the drag is observed.  



Page 88 of 103 

 

 

Figure 57: Drag force distribution at the nose and tail of both pods at a flow speed of 100 m/s 

 

Figure 58: Drag force distribution at the nose and tail of both pods at a flow speed of 200 m/s 
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Figure 59: Drag force distribution at the nose and tail of both pods at a flow speed of 300 m/s 

 

Figure 60: Drag force distribution at the nose and tail of both pods at a flow speed of 400 m/s 
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The value of drag force increases with the increase in the speed of the pods. Moreover, at 

all values of pod speed, increasing the distance between the pods also results in a decrease in the 

value of the drag force on the pods. The pressure value observed at the tail of the pods also 

increases with the increase in the pod speed, flow regime 3, whereas, the  ̅     decreases in 

regimes 1 and 2. Because of this rise in the  ̅     value, the decrease in the drag value in flow 

regime 3 is lower as compared to flow regimes 1 and 2.  

 

4.6. Temperature Distribution: 

Another important parameter that is affected by the shock wave interaction is the temperature 

distribution along the walls of the tube. The results of the simulation suggest that, when the 

distance between the pods is small, a maximum rise in the temperature is achieved at the point of 

interaction of oblique shock wave, normal shock wave and the boundary layer. A separation in 

the boundary layers exists at the tail section of the first pod where the interaction of the oblique 

shock wave and the normal shock wave happens, as seen in Figure 61. This is due to the intense 

pressure and temperature gradient at the tail end of the first pod. However, increasing the 

distance between the pods decreases the intensity of the shock waves interaction, as a result, the 

maximum temperature value reached is decreased.  
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Figure 61: Temperature Distribution at a speed value of 400 m/s  
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Chapter No. 5 

 This chapter provides the conclusion to the analysis and the main objectives that were 

achieved through this research work. Moreover, the limitation of the current model and the 

recommendation that will prove to be helpful in the future are also described in this chapter. 
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5. Conclusion: 

The behaviour of the flow regime and the pressure waves interaction was analyzed for the 

different values of distances between the pods of the multi-pod hyperloop system using the 2D, 

axisymmetric, unsteady-state simulation, moreover, a comparison of the numerical model results 

was also made to the theoretical quasi-one-dimensional approach. Based on the compressible 

flow phenomenon the flow around the pod is divided into three different flow regimes based on 

the speed of the pods. The behaviour of the leading shock wave, the trailing oblique shock wave 

and the expansion wave was analyzed for all these flow regimes. Based on the confined 

configuration of the tube the compression wave was also analyzed for flow regime 1 even though 

the flow is subsonic for this case. The oblique shock wave starts to develop at the tail section of 

the second pod for the flow regime 2, however, the flow phenomenon is different at the tail 

section of the first pod. the trailing shock wave appears for both pods in the case of the flow 

regime 3. Due to the existence of the compression waves, the leading shock waves, the trailing 

shock waves, and the expansion waves, the distance between the pods of the multi-pod 

hyperloop system becomes an important parameter for the determination of aerodynamic 

characteristics of the Multi-pod Hyperloop System. 

The shock waves play a significant role in the determination of the aerodynamic 

characteristics of the multi-Pod Hyperloop system. Moreover, the distance between the pods is 

another crucial factor that affects the flow regime between the pods of the Multi-Pod Hyperloop 

System. Based on this study, it is observed that chocking of the flow is affected by the existence 

of the leading shock wave as well as by the boundary layer for both pods, and as the distance 

between the pods increases the pressure decreases at the tail section of the first pod and at the 
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head section of the second pod which results into overall decrease in the drag force value for 

both pods, as seen from Figure 57-59.  

For flow regime 1, drag force is exceptionally large when the distance between the pods is 

small i.e., 2L to 3L. The space between the two pods is not large enough for the compression 

wave from the second wave to travel. The strong compression wave remains confined between 

the two pods which results in the high-pressure value between the two pods i.e., at the tail end of 

the first pod and the head section of the second pod. Increasing the distance between the pods 

i.e., 3L to 4L provides sufficient space for the compression wave to travel and hence does not 

affect the flow field around the first pod. Hence, a decrease in the drag force is observed.  

For flow regime 2, no chocking is observed for the first pods due to the pressure wave 

interaction between the two pods. However, chocking of the flow happens for the second pod 

due to the boundary layer separation. Oblique shock wave starts to develop for the second pod in 

this flow regime. Development of the OSW results in the high value of pressure drag for the 

second pod. Moreover, a large pressure value is observed at the tail end of the first pod, when the 

distance between the pods is small (i.e., 2L to 3L) due to confinement of the space, which results 

in the high value of drag for the pod. Increasing the distance between the pods i.e., 3L to 4L 

results in a decrease in the drag force due to the delay in the pressure waves' interaction, as seen 

in Figure 58. 

For flow regime 3 (i.e., at 300 m/s and 400 m/s), no OSW is observed at the tail section of 

the first pod at the distance value of 2L to 3L at 300 m/s and the distance value of 2L at 400 m/s. 

The strong compression waves and the limited space between the pod is the reason for the high-

pressure region between the two pods at these distances. Moreover, a large value of drag force is 

observed in these cases. Increasing the distance between the pods i.e., from 3L to 4L at 300 m/s 
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and from 2.5L to 4L results in the development of the boundary layer separation at the tail end of 

the first pod which plays a vital role in the development of the oblique shock wave and flow 

acceleration phenomenon. The drag force decreases rapidly due to the increase in the strength of 

the oblique shock wave, as seen in Figures 58, and 59. Moreover, when the distance between the 

pods is small, a flow separation region is formed at the interaction point of the leading shock 

wave from the second pod and the trailing expansion wave from the first pod. This results in the 

development of multiple converging-diverging sections of the flow field close to the tail of the 

first pod. Increasing the distance between the pods results in a decrease in the intensity of the 

flow separation phenomenon by delaying it.  

In this study, the distance between the pods and their effect on the flow field as well as on the 

aerodynamic characteristics for different flow regimes are studied for the Multi-Pod Hyperloop 

System. The results of this analysis will help in the design of the multi-Pod Hyperloop system by 

providing an understanding of the compressible flow phenomenon and how it is affected by the 

distance between the multiple pods inside the tube.  

6. Limitation: 

In this research work, the shape of the pods and the tube used are the most idealized ones to 

study the general mechanics of the flow interaction around the pods. Moreover, the analysis 

performed was a two-dimensional, axisymmetric analysis which results in one of the most 

simplified analyses of the aerodynamic characteristics of the pods. Moreover, the theoretical 

consideration for the equation (13) and (19) are derived from the idealized shape of the pods. It 

was also assumed that the throat section of the pod would experience a choking phenomenon 

through the diverging section under the completely accelerated flow conditions. 
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7. Future Recommendations: 

The above-mentioned findings will make a significant contribution to the future development 

of the multi-Pod Hyperloop pods Based upon the results of the simulation; the following 

improvements might help to improve the quality of the results. 

The aerodynamic solver can be improved by extending its capabilities. Focusing on boundary 

layer development may have a major impact on the solver's accuracy since it is so critical to 

velocity distribution and hence flow parameters of interest distribution. A more precise transition 

location (or the Re relevant to these situations and geometries in that respect) might already lead 

to significant solver improvements. Improved solver accuracy may be advantageous to the 

optimization process as greater accuracy can be obtained if the total solver accuracy is raised. 

This is especially true for distributional trends. 

The solution disregards structural, economic, infrastructural, and performance constraints. 

Without a question, they are all critical parts of the Hyperloop's system design. These are, 

without a doubt, critical features of the Hyperloop's System. A final detailed pod design will 

therefore need to integrate these considerations for future work to better define 

physical constraints. The aerodynamic solver may be included in a wider multidisciplinary 

design optimization framework considering these observations. 

The accuracy of the results can be improved further by implementing a more complex and 

realistic pod and tube shape. Moreover, the theoretical assumptions for equations (13) and (19) 

are appropriate since the Hyperloop system in our case is intended to travel at transonic speeds. 

Additionally, the distinction between theoretical results and simulation is shown by the absence 
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of consideration of the boundary layer in the consideration of the theoretical equations. As a 

result, using the boundary layer in the theoretical calculation may increase results accuracy in the 

future. 

Moreover, in future studies, three-dimensional unsteady state simulations should be 

conducted to better understand the propagation of the compression waves and the interaction of 

the oblique shock wave and the normal shock wave (compression wave). Additionally, the 

design of the pod employed in future work should be more complex and under more realistic 

conditions will help to optimize the distance between the pods and hence, it will help to decrease 

the aerodynamic drag on the pods.   
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Appendix: 

 

Figure 62: Mesh Independence Test 
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