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Abstract

The evacuated tube transportation has great potential in the future because of its
advantages of energy saving and environmental protection. The train runs in the
closed tube at ultra-high speed. The heat quantity generated by aerodynamic
heating is not easy to spread to external environment and then accumulates in the
tube, inducing the ambient temperature in the tube to rise gradually. In this paper, a
three-dimensional geometric model and the Shear Stress Transport (SST) κ-ω
turbulence model are used to study the influence of initial ambient temperature on
the structure of the flow field in the tube. Simulation results show that when the
train runs at transonic speed, the supersonic flow region with low temperature and
low-pressure is produced in the wake. The structure of the flow field of the wake will
change with the initial ambient temperature. And the higher the initial ambient
temperature is, the shorter the low temperature region in the wake will be. The
larger temperature difference caused by the low temperature region may increase
the temperature stress of the tube and affect the equipment inside the tube.
Consequently, the temperature inside the tube can be maintained at a reasonable
value to reduce the influence of the low temperature region in the wake on the
system.

Keywords: Tube train, Initial ambient temperature, Aerodynamic heating, Numerical
simulation

1 Introduction
With the development of economy and technology of the society, the speed of traveling

is demanded further, contributing to looking at a way of transportation at superspeed on

the ground, beyond aircraft speed. In the dense atmosphere, the maximum economic

speed of high-speed vehicle should not be higher than 400 km/h [1, 2, 3]. The measured

data from German TR and Japanese Shinkansen show that aerodynamic drag will account

for more than 80% of total drag when the train speed exceeds 400 km/h [4]. Besides, the

high-speed train will cause serious problems like aerodynamic noise, which increases rap-

idly with 6th power to 8th power of speed [5]. In this background, the tube train trans-

portation [6, 7, 8] emerges as the times requires. It aims to reduce the aerodynamic drag
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of the train under high speed by decreasing air pressure in the tube, so then promote the

train to a higher speed. Due to its advantages of environmental protection and energy

conservation, it becomes the most potential development of ultra-high-speed rail transit

in the future [9]. However, it also brings many new aerodynamic problems. For instance,

when the high-speed train runs in a closed tube, owing to tube wall’s restrictions, and im-

proper choice of air pressure, it will result in the aerodynamic drag of the train rising

sharply. Furthermore, with the increasing speed of the train, some aerodynamic heating

problems appear gradually. Heat quantity generated in the tube when the train runs does

not radiate out through the surrounding airflow as easily as it does in the open air. Hence,

it is much easier to aggregate, which causes higher and higher temperature in the tube. As

a result, the strength of the train body and the tube may be affected, which will further en-

danger the system’s safety [10]. Therefore, the aerodynamic problems of the tube trains

are worth studying, which can provide basis for the design of tube trains in the future.

In recent years, a growing number of scholars have researched the characteristics re-

lated to aerodynamic aspects of the tube train, such as aerodynamic drag, aerodynamic

noise, aerodynamic heating, etc. Zhou et al. [11] studied the influence of air pressure

and running speed on the aerodynamic drag of trains. It is reported that the higher the

speed of the train, the greater the influence of air pressure on the aerodynamic drag of

the train. Subsequently, Zhou et al. [12] studied the effect of blockage ratio on aero-

dynamic drag. It is found that the greater the blockage ratio is, the greater the aero-

dynamic drag of the train. However, when the blockage ratio is small, the influence of

its change on the drag of the train is small, while when the blockage ratio is large, the

drag of the train rises sharply. Mi et al. [13] used the dynamic mesh to study the regu-

larities of the influence of train running speed, air pressure and blockage ratio on the

aerodynamic drag. The law suggests when the train is running in low air pressure, there

is a good linear relationship between the aerodynamic drag and the blockage ratio. And

when the air pressure is high, the linear relationship weakens. What’s more, the aero-

dynamic drag has an approximate linear relationship with the square of running speed.

Chen et al. [14] analyzed these aerodynamic drag characteristics of different shapes of

the head car and the tail car under different air pressures and blockage ratios. The re-

sult reflects that the air pressure in the tube of 1000 Pa and blockage ratio of 0.25 can

effectively reduce aerodynamic drag. And under this air pressure, different streamlined

shapes of the head car have no significant difference in reducing aerodynamic drag,

while the blunt tail can reduce the aerodynamic drag more effectively. Zhang [15] cal-

culated and compared the aerodynamic drag of train with different blockage ratios and

different air pressures in the tube, and found that under the same aerodynamic drag

condition, the energy saving of vacuum pumping by reducing the cross section is

greater than that by increasing the vacuum degree. Ma et al. [16] based on the evacu-

ated tube test device, analyzed that the air pressure, running speed and the blockage ra-

tio are three very important factors leading to the energy loss of the evacuated tube.

Liu et al. [17] modeled the aerodynamic calculation model of high-speed train with the

evacuated tube under low-pressure environment, studied the influence of air pressure,

blockage ratio and train’s running speed on the aerodynamic drag of the train, and gave

the optimal relationship between air pressure, blockage ratio and train’s speed of the

evacuated tube transportation system. Bao et al. [18] found the shape of the train body

and the structure of the tube can affect the aerodynamic drag, and the blockage ratio is
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the main factor. In addition, Kim et al. [19] also found that when shock waves are gen-

erated during the tube train operation, the aerodynamic drag will increase dramatically.

It is suggested to keep a low air pressure to alleviate the shock wave effect. Zhou et al.

[20, 21] further studied the shock wave’s structure and its change law of the tube train,

and found that the shock wave is mainly composed of expansion wave, reflected shock

and normal shock. The intensity of the normal shock wave in front of the head car ex-

periences four states: rapid increase, initial stability, sudden decrease and final stability.

Influenced by the interaction between the expansion wave and the reflected shock

wave, the wake velocity decreases obviously in the opposite direction of the train’s

movement. Liu et al. [22] and Zhang et al. [23] conducted studies on the aerodynamic

noise of the tube train. The results showed that the greater the running speed of the

train, the more the aerodynamic noise will be produced. And when the train runs at a

constant speed, the intensity of the aerodynamic noise source of the high-speed train

can be reduced by decreasing the air pressure and the blockage ratio.

At present, most researches on the aerodynamic aspects of the tube train are focused

on the aerodynamic drag, but the research on aerodynamic heating is less. Jia et al. [24]

found that when the running speed of the train and the air pressure in the tube are

constant, the aerodynamic heating effect increases exponentially with the increase of

the blockage ratio, and with the increase of Mach number, the maximum temperature

in the flow field increases in a parabola trend. Duan [25] found that the maximum

temperature increases with the decrease of the air pressure in the tube. Dong [26]

found that the aerodynamic heating in the tube gradually decreases with the increase of

the train running time, which is a monotonous increasing parabola. When the running

time of the train is short, the aerodynamic heating increases sharply with the time.

With the increase of the running time of the train, the increment of aerodynamic

heating decreases gradually until it approaches a certain temperature infinitely. In the

further study of aerodynamic heating, Niu et al. [10] and Zhou et al. [27] found that

the aerodynamic heating effect will increase significantly when there is a shock wave in

the tube. And with the increase of the blockage ratio, the choking limit formed in the

flow field will intensify the aerodynamic phenomenon, which will further worsen the

aerodynamic heating environment in the tube [28].

The above researches show that when the train runs at ultra-high speed in the tube,

the aerodynamic heating effect will make the ambient temperature in the tube increase.

If the heat quantity cannot be released to the outside, the heat quantity generated by

the next train that passes will further increase the ambient temperature. However, the

effect of the initial ambient temperature on the aerodynamic heating effect has not

been studied so far. An excessive temperature in the tube may affect some equipment

inside the tube, which may endanger the safe running of trains. In addition, in the stud-

ies on aerodynamic heating of the tube train, most scholars adopt a two-dimensional

geometric model, which makes it impossible to further observe the temperature distri-

bution on the train surface and in the tube. In the future, most of the trains in the tube

will be maglev trains [1], some types of the maglev trains’ external equipment cannot

work normally in the high temperature environment, such as the superconducting

maglev of Southwest Jiaotong University [29], whose bottom contains several cryostats

similar to the wheels of wheel-rail trains, which need to be far away from high

temperature environment. Therefore, it is necessary to study the influence of the initial
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ambient temperature on the aerodynamic heating and the temperature distribution in

the tube.

2 Numerical simulation
2.1 Geometric model

Currently, there is no mature shape of the tube train, so a simplified three-dimensional

geometric model of the train was used in this paper. The approximate dimensions of

the tube and the train are shown in Fig. 1. The height of the train is H = 3.2 m, which is

defined as the flow characteristic length [17]. The total length of the train body is

24.688H, the width of the train is 1.060H, and the nose tip length of the head and tail

car is 1.875H. The total length of the tube is 125H, which consists of a circular arc with

a radius of 1.063H and a plane with a width of 1.407H. The distance from the bottom

of the train to that of the tube is about 0.156H, and the distance between the stagnation

point of nose tip of the head car and the inlet is 31.250H. The blockage ratio (β) of this

geometric model is about 0.28. The blockage ratio is defined as the ratio of the max-

imum cross-section area of the train to the cross-section area of the tube. The stagna-

tion point of the nose tip of the head car is set as the coordinate origin of the flow

field.

2.2 Numerical model

When the train runs in a closed tube at an ultra-high speed, the flow field around the

train is in a turbulent flow state. The turbulence calculation is very important for

accurate prediction of aerodynamic heating. In the prediction of aerodynamic heating,

the near-wall region is the region where aerodynamic heating produces heat flux ex-

change, and the viscosity is dominant in the viscous sublayer of the boundary layer

[30]. Therefore, a precise prediction of the boundary layer is required. The shear stress

transport (SST) k-ω turbulence model combines the advantages of k-ε turbulence

model with k-ω turbulence model. It has a good ability to predict the low Reynolds

number flow within the boundary layer and the fully developed turbulence flow outside

the boundary layer [31]. Consequently, the SST k-ω turbulence model is used to predict

aerodynamic heating in this paper. The speed of the train studied in this paper is 1000

km/h, and the corresponding Mach number is obviously higher than 0.3, so the com-

pressibility of air needs to be considered. On the other hand, the tube is sealed, and the

Fig. 1 Diagrammatic sketch of a 3D full-scale model of train and tube: (a) the size of the train; (b) the size
of the tube train system
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influence of air compressibility also needs to be considered. The flow simulation is

based on the finite volume method in STAR-CCM+, and the solver is the coupled

implicit steady state solver with the second-order upwind discretization scheme. The

AUSM+ scheme can be employed for solving a wide range of flow problems ranging

from incompressible to compressible. Hence, the AUSM+ scheme was selected to

process the inviscid flux to improve the prediction accuracy of aerodynamic heating.

2.3 Boundary conditions and initial conditions

As shown in Fig. 2, a diagrammatic sketch of the tube train system is used to describe the

boundary conditions of the computational domain. The inlet of the computational do-

main is defined as the stagnation-inlet, and the outlet is defined as the pressure-outlet.

The train is set as the fixed wall with no slip. The thermal boundary conditions of the

train and the tube are set as adiabatic. In this paper, we mainly study the aerodynamic

heating effect of the tube train at a speed of 1000 km/h. So, the initial velocity is set to

1000 km/h. And the reference pressure is 0.1 atm (1 atm = 101,325 Pa) in Section 4. Since

this paper studies the influence of initial ambient temperature on aerodynamic heating,

the initial temperatures are set at 243 K, 293 K, 343 K and 393 K, respectively.

2.4 Mesh generation

The trim mesh and the prism mesh in STAR-CCM+ are used to divide the computa-

tional domain. The trim mesh is the main volume mesh in the computational domain.

For obtaining the flow field information of near-wall area more accurately, the volume

mesh of near-wall area of the train surface adopts the prism mesh. The thickness of

near-wall prism layer is determined by y+ = 1, about 0.01 mm. The number of prism

layers is set to 20, and the prism layer stretching ratio is set to 1.4. The flow field near

the train is complex, especially in the wake of the train. In order to ensure the accuracy

of the simulation, the mesh in front of the head car and the mesh in the wake of the

tail car are refined with reference to the Muld’s [32] mesh layout method. The diagram-

matic sketch of the mesh refinement is shown in Fig. 3. The minimum size of the trim

mesh is defined as Lmin. The mesh size of the front of the head car is Lmin. Due to the

wake region of the train being longer, 3 mesh refinement blocks are arranged at the

rear of the train, and the size is gradually increased from Lmin to 4Lmin. Figure 4 shows

the longitudinal section of the mesh near the train.

3 Verification
3.1 The influence of fixed wall on calculation

In the computational domain, the tube wall is very close to the train, so setting the tube

wall to a fixed wall may affect the calculation results. It is necessary to make a simple

discussion on whether the fixed wall has an influence on the calculation results. In this

Fig. 2 Diagrammatic sketch of the computational domain
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part, the boundary condition of the tube wall is set as the moving wall with no slip and

the fixed wall with no slip respectively. The air pressure in the tube is 0.5 atm. The tan-

gential velocity of the moving wall is equal to the airflow velocity. The initial ambient

temperature in the tube is 293 K. The number of mesh is about 18.8 million, and the

Lmin = 0.05 m (approximately 0.0156H).

In this section, the drag coefficient (Cd) and pressure coefficient (CP) are defined as

follows:

Cd ¼ 2Fd

ρ0v2Strain
ð1Þ

CP ¼ 2P
ρ0v2

ð2Þ

where Fd and P are the aerodynamic drag and the pressure measured in the flow field,

respectively. And the pressure (P) in this paper represents the difference between abso-

lute pressure and reference pressure. ρ0 is the initial density of air in the flow field.

When the air pressure is 0.5 atm and the ambient temperature is 293 K, the air density

is about 0.602 kg/m3. v is the train speed (1000 km/h), and Strain is the maximum cross-

section area of the train, which is about 9.637 m2 here.

Table 1 shows the aerodynamic drag coefficients of the train calculated by using a

moving wall and a fixed wall, respectively. The difference of aerodynamic drag coeffi-

cient (Cd) between the moving wall and the fixed wall is great.

Figure 5 shows the distribution of temperature and CP on the intersection line be-

tween the train upper surface and the xy plane, respectively. Here, the surface above

the train stagnation point is defined as the upper surface, and the surface below the

train stagnation point is the lower surface. It can be seen from Fig. 5 that when the

boundary condition of the tube wall is the fixed wall, the distribution of temperature

and CP is quite different from that of the moving wall. The reason for this difference

should be that the distance from the tube wall to the train is very short, and the bound-

ary conditions have great interference in solving the flow field around the train.

Therefore, when the wind tunnel model is adopted to calculate the flow field of the

tube train, it is more reasonable to set the boundary condition of the tube to the

Fig. 3 Diagrammatic sketch of the volume mesh refinement near the train

Fig. 4 Longitudinal section of the volume mesh near the train
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moving wall, so that the train moves relative to the tube, which is more consistent with

the actual situation. Based on this result, in the following calculations, the tube wall is

all set as the moving wall.

3.2 The influence of prism layer stretching ratio on calculation

In this paper, the first prism layer is a little thin, about 0.01 mm. In order to ensure a

good transition from prism mesh to trim mesh, and avoid the excessive prism layers

resulting in a large number of meshes, the stretching ratio of prism layer is set to 1.4.

In this section, a brief comparison will be made between the calculation results of the

stretching ratio 1.4 and 1.2, so as to explain the rationality of setting the stretching ratio

to 1.4. The initial conditions in this section are the same as in Section 3.1.

Table 2 shows the train drag coefficient calculated from different stretching ratios.

The drag coefficient is 2.2776 calculated by stretching ratio 1.4, and the error is only

0.33% compared with the drag coefficient 2.2701 calculated by stretching ratio 1.2.

Figure 6 shows the temperature and pressure coefficient distribution on the train sur-

face at different stretching ratios. The temperature of stretching ratio 1.2 is slightly

higher than that of stretching ratio 1.4, and the temperature difference at the same pos-

ition of train surface is less than 1 K. In addition, the distribution of pressure coefficient

on the train surface at different stretching ratios is almost the same.

According to the above, it is reasonable to set the prism layer stretching ratio at 1.4.

Moreover, the total number of mesh is approximately 32% higher at stretching ratio 1.2

than at 1.4. Therefore, taking into account the limited computing resources, the prism

layer stretching ratio in this paper is set to 1.4.

3.3 Mesh independence verification

In order to ensure the rationality of the calculation, three different sizes of the mesh

were generated to observe the influence of the number of mesh on the calculation

results. Table 3 shows the details of the mesh, including the minimum size of the trim

Table 1 Drag coefficient

Item Moving wall Fixed wall

Cd 2.2776 0.4743

Fig. 5 Temperature and pressure coefficient (CP) distribution on the intersection line between the train
upper surface and the xy plane: a Temperature distribution; b CP distribution
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mesh Lmin and the total number of the mesh. The initial conditions in this section are

the same as in Section 3.1.

Table 4 shows the Cd calculated from the coarse, medium and fine mesh, respect-

ively. The difference of the Cd between coarse mesh and fine mesh is 0.33%; the Cd of

the medium mesh is closer to that of the fine mesh, and the difference is only 0.05%.

Figure 7 shows the distribution of temperature and CP on the intersection line between

the train upper surface and the xy plane under the three types of the mesh. It can be

found that both the temperature and CP of coarse and medium meshes are comparable to

those of fine mesh, and the temperature and CP of medium mesh are closer to that of fine

mesh. In addition, the temperature and CP curves of the coarse mesh fluctuate at the

shoulder of the tail car, while those of the medium and the fine mesh are relatively gentler.

Overall, the calculation results of medium and fine mesh are more reasonable. Consider-

ing that the fine mesh will consume more time and computing resource, it is a better

choice to use medium mesh to achieve reasonable calculation results.

3.4 Numerical method verification

In this section, the ONERA M6 wing, a CFD validation case, is used to verify the nu-

merical method adopted in this paper. The numerical method is adopted to calculate

the pressure coefficient of airfoil surface, and the pressure coefficient results are com-

pared with the experimental values of Schmitt and Charpin [33]. The numerical simula-

tions use the flow field conditions of the ONERA M6 wing in Reference [33], as shown

in Table 5.

Figure 8 shows the pressure coefficient at several wing span locations, and the nu-

merical results of the pressure coefficient were compared to the experimental values. It

can be seen from Fig. 8 that the numerical results of the pressure coefficient on each

section of the wing are approximately consistent with the experimental results. Conse-

quently, the numerical method adopted in this paper is reasonable.

Table 2 Drag coefficient calculated from different stretching ratios

Items Stretching ratio 1.4 Stretching ratio 1.2

Cd 2.2776 2.2701

Fig. 6 Temperature (a) and CP (b) distribution on the intersection line between the train upper surface and
the xy plane at different stretching ratios
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4 Results and discussion
4.1 Temperature distribution

To observe the temperature distribution in the tube, the initial ambient temperature of

293 K and the air pressure of 0.1 atm was taken as an example. Figure 9 shows the

temperature distribution on the train surface. Line A and line B represent the intersec-

tion lines between the upper and lower surface of the train and the xy plane, respect-

ively. Line C represents the intersection line between the left surface of the train and

the xz plane. As it can be seen from Fig. 9, the temperature of the train surface is be-

tween 308 K and 340 K, which is higher than the initial ambient temperature. The high-

est temperature is located at the stagnation point of the nose tip of the head car, near

340 K, and the lowest temperature is located at the nose tip of the tail car, about 315 K.

In addition, the temperature distribution of the nose tip of the head and tail car shows

a large gradient. The temperature distribution on the middle part of the train body is

relatively flat, and the temperature gradient is small.

Figure 10 shows the temperature distribution on the tube wall. Along the tube wall,

temperature data on six lines were collected, and the arrangement of these six lines is

shown in the figure. With the operation of the train, under the condition that the flow

field is stable, it can be found that the temperature difference on the cross section of

the same tube wall in front of the wake is small. Because of the complex wake area, the

temperature distribution on the tube wall which is located behind the train fluctuates

with different amplitude. And there is a low temperature region in the wake area, which

makes the temperature of the tube wall also very low. Behind the low temperature re-

gion, some locations on the tube wall reach higher temperatures. Subsequently, the

temperature distribution on the tube wall tends to be consistent.

Figure 11 shows the change of Mach number along the gap between the train and

the tube. The air flowing into the gap between the train and the tube is similar to the

air flowing into the Laval nozzle. The nose tip of the head car together with the tube

wall forms a convergent section, and the nose tip of the tail car together with the tube

wall forms a divergent section. As shown in Fig. 11, the air flows into the gap from the

nose tip of the head car at subsonic speed and accelerates continuously in the gap, then

the velocity exceeds the local sound velocity at the shoulder of the tail car. Because the

transonic fluid no longer follows the principle of “The smaller the cross section, the fas-

ter the airflow velocity; the larger the cross section, the slower the airflow velocity”. On

the contrary, the larger the cross section, the faster the velocity. Therefore, the airflow

continuously accelerates and expands, creating expansion waves and compression

waves behind the train. As a result, a supersonic flow and low-pressure region are

Table 3 Details of the three types of the mesh

Items Coarse mesh Medium mesh Fine mesh

Lmin 0.0188H 0.0156H 0.0125H

Total number of mesh (million) 10.4 18.8 29.1

Table 4 Drag coefficients (Cd) for different meshes

Items Coarse mesh Medium mesh Fine mesh Error (relative to fine mesh)

Cd 2.2689 2.2776 2.2764 0.33% and 0.05%
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formed in the wake, shown in Fig. 12. In addition, because the tube wall and the train

surface are adiabatic, the flow field in the tube can be regarded as isentropic flow. Even-

tually, the temperature in the supersonic flow region becomes very low, forming a low

temperature region.

When the airflow velocity in the flow field reaches the local sound velocity, it is pos-

sible to generate shock waves. Figure 12 shows the contours of pressure, temperature

and Mach number. As analyzed earlier, the Mach number of the train’s tail exceeds 1

and the maximum Mach number reaches 2. Therefore, shock waves are generated at

the rear of the train. Figure 12(b) shows the horizontal cross-section of the contour of

pressure, temperature and Mach number in the wake area, respectively. It can be seen

from the figure that the expansion wave has an obvious influence on the structure of

the flow field in the wake area. Due to the limitation of the tube wall, the continuous

reflection and interaction of the compression wave significantly change the structure of

the flow field in the tube and complicate the wake.

4.2 The influence of initial ambient temperature (T0) on flow field

In the future, several high-speed trains will continuously run in the tube, so the ambi-

ent temperature inside the tube will be constantly rising. For the trains running in the

tube at different times, the initial ambient temperature (T0) of the flow field is different.

The earlier the train runs, the lower the ambient temperature, and the later the train

runs, the higher the ambient temperature may be. Accordingly, this section mainly dis-

cusses the influence of T0 on the structure of flow field. T0 assumed in the calculation

cases in this section are 243 K, 293 K, 343 K and 393 K, respectively. The assumptions

for some of T0 may not be in line with the actual situation, which is only for explora-

tory discussion here.

Figure 13 shows the pressure distribution on the intersection line between the train

upper surface and the xy plane. It can be seen from Fig. 13 that pressure distribution

under different T0 is roughly approximate as a whole. As T0 rises, the pressure on the

train surface decreases gradually. At the nose tip of the tail car, the pressure

Fig. 7 Temperature (a) and CP (b) distribution on the intersection line between the train upper surface and
the xy plane

Table 5 Flow conditions of the ONERA M6 wing in Ref. [33]

Mach Reynolds number Attack angle Sideslip angle

0.8395 11.72 × 106 3.06° 0°
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distribution at T0 = 243 K is similar to that at T0 = 293 K. When the T0 is 343 K and

393 K, the pressure distribution at the nose tip is quite different from that of T0 = 243 K

and 293 K. In addition, the maximum pressure on the train surface gradually decreases,

and the minimum pressure gradually rises, as shown in Fig. 14. The pressure change

on the train surface further affects the aerodynamic drag. Figure 15 shows the

Fig. 8 Pressure coefficients at several wing span locations of the ONERA M6 wing

Fig. 9 Temperature distribution on train surface: line A and line B are the intersection lines between the
upper and lower surface of the train and the xy plane, respectively; line C is the intersection line between
the left surface of the train and the xz plane
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aerodynamic drag of the train at different T0. As shown in the figure, the aerodynamic

drag decreases with the increase of T0. And the aerodynamic drag of the train at T0 =

393 K is about 50 kN lower than that of T0 = 243 K. The aerodynamic drag consists of

pressure drag and shear force. The pressure drag accounts for 90% of the aerodynamic

drag, so the pressure drag plays a leading role and is the main reason for the decrease

of the aerodynamic drag. Therefore, the decrease of pressure drag is the main factor

leading to the decrease of aerodynamic drag.

To explore the influence of T0 on the Mach number, the Mach number on the

straight line near the top of the tube was collected, as shown in Fig. 16. The x-coordin-

ate of the straight line ranges from − 10 to 110 m, and the x-coordinate of the nose tip

of the tail car is about 80 m, so this is also the position at the beginning of the wake

area. It can be seen that the Mach number distribution in front of the wake area is ba-

sically consistent at different T0. However, the distribution of Mach number in the

wake area is quite different. Combined with the contour of the Mach number (as

shown in Fig. 17) in the wake area, it can be found that T0 has a great influence on the

supersonic flow region. When T0 is low, there is a longer supersonic flow region

appearing in the wake area, and when T0 increases, the supersonic flow region becomes

Fig. 10 Temperature distribution along the tube wall: x-coordinate ranges from − 30 m to 160m

Fig. 11 Mach number along the top of tube wall: x-coordinate ranges from − 10 m to 110m
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Fig. 12 The contours of pressure coefficient, temperature and Mach number: a The longitudinal section of
the flow field around the train; b The horizontal cross-section of the wake area

Fig. 13 Pressure distribution on the intersection line between the train upper surface and the xy plane at
different T0
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shorter. Moreover, when T0 rises from 243 K to 343 K, the change of supersonic flow

region is more obvious, while when T0 rises from 343 K to 393 K, the change of super-

sonic flow region is relatively small. Meanwhile, the maximum Mach number on this

straight line also decreases with the increase of T0. Especially, when T0 rises from 293

K to 393 K, the maximum Mach number changes greatly.

Subsequently, the pressure data was collected on the straight line which used in

Fig. 16, and the pressure curves at different T0 were plotted in Fig. 18. It can be found

from Fig. 18 and Fig. 19 that T0 also has a great influence on the air pressure. And with

the rise of T0, the air pressure gradually decreases. The influence of T0 on the air pres-

sure in the wake is similar to the influence of T0 on the Mach number in the wake.

Fig. 14 Maximum and minimum pressure on the train surface at different T0

Fig. 15 Train aerodynamic drag at different T0
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The reason for this phenomenon is probably due to the acceleration of the expansion

of the airflow, resulting in faster airflow velocity and lower pressure, as analyzed in Sec-

tion 4.1. Therefore, the air pressure will change with the change of the Mach number.

Finally, according to the isentropic flow, the structure of the temperature field in the

wake will also change with the Mach number and pressure.

As shown in Fig. 20, it can be seen from the contour of the temperature field in the

wake area that T0 has a great influence on the structure of temperature field. When the

T0 rises from 243 K to 293 K, the length of the low temperature region in the wake area

is shortened from about 98 m to about 21 m, but the contours of their low temperature

region have a similar profile. When T0 continues to rise to 343 K and 393 K, the length

of its low temperature region is not only shortened, but also the profile of its

temperature contour is changed.

5 Conclusions
This paper mainly studied the influence of initial ambient temperature (T0) on the

aerodynamic heating at transonic speed (1000 km/h), and also studied the temperature

distribution in the tube. Some conclusions are drawn as follows:

Fig. 16 Mach number along the top of the tube wall at different T0: x-coordinate ranges from − 10m
to 110m

Fig. 17 The contours of Mach number in the wake area at different T0
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(1) Because of the influence of aerodynamic heating, the temperature of the head car

is higher than that of the tail car, and the maximum temperature of the train

surface is located at the stagnation point of the nose tip of the head car. Due to the

complex wake area, the temperature distribution of the tube wall in the wake area

fluctuates greatly.

(2) When the train is running at transonic speed, the velocity of the air flow at the

shoulder of the tail car reaches sonic speed and continues to accelerate, resulting

in a supersonic flow area with low temperature and low-pressure in the wake area.

At the same time, the structure of the wake flow field becomes complicated

because of generation and disturbance of the shock wave.

(3) T0 has a great influence on the aerodynamic drag of the train. When T0 rises from

243 K to 393 K, the aerodynamic drag of the train decreases by about 40%.

(4) The increase of T0 has a great influence on the structure of the flow field in the

wake, which makes the length of the low temperature region shorter and the

structure of the temperature distribution changes.

Considering the above, it is necessary to maintain the thermal equilibrium of the tube

train system. If the heat dissipation of the tube is insufficient, it may lead to a higher

Fig. 18 Pressure along the top of the tube wall at different T0: x-coordinate ranges from − 10m to 110m

Fig. 19 The contours of pressure in the wake area at different T0
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and higher temperature rise and endanger the safety of the system. In addition, the low

temperature region in the wake leads to a larger temperature difference, it may increase

the temperature stress of the tube and affect the strength of the tube. And larger

temperature change may also affect the normal operation of the equipment in the tube.

Consequently, the temperature inside the tube can be maintained at a reasonable value

to reduce the influence of the low temperature region in the wake on the system, as

well as reduce the aerodynamic drag of the train. At present, the reasons for the influence

of initial ambient temperature on the structure of the flow field are not very clear. There-

fore, we will continue to study this problem and explore the influence mechanism.
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