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Abstract. The work is a study of the patterns of jet-cavitation air flows 
when flowing around a high-speed passenger train. On the basis of 
theoretical studies, the forces of resistance (frontal and near-wall) of the 
external environment to the movement of the train, the influence of 
cavitation currents on the near-wall layer, the current flows generated 
during the movement of the rolling stock, the resistance of the external 

environment of the rolling stock, both as a whole and on each car of the 
train, are determined, the influence of cavitation flow from solid particles 
lying on the underlying surface, critical velocities that reduce the 
entrainment of solid particles, establishing the regularity of the movement 
of entrained solid particles. The work also includes a theoretical 
determination of the aerodynamic drag coefficient and hydrodynamic 
pressure forces, normal and shear stresses on the surface of the wall of a 
train consisting of n cars, a study of the effect of gaps between cars and on 

the speed characteristics of the train, leading to a change in the acceleration 
of cars. 

1 Introduction 

When moving rolling stock, there are resistances that prevent the movement of rolling stock 

in an open area. Along with the main resistance forces, there are places of resistance of the 

local environment (in the open air). The main of the six elements of the main resistance is 
the resistance of the air environment and energy dissipation in the environment. With an 

increase in the speed of movement of the rolling stock, the influence of the external 

environment on the resistance significantly affects the movement of the train, which will 

lose energy to overcome these resistances. At a speed of 10-20 km per hour, the resistance 

of the external environment is 19% of the main resistance energy dissipation in the 

environment. At 60 km per hour and above, these resistance indicators increase sharply and 

amount to 46-61%. In addition, with an increase in the speed of the train, the loss of energy 

in the section of oncoming trains will increase, in the presence of air wind, the formation of 

return jets both around the train and under the train, which forms erosion of the track 
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surface, giving entrainment of solid particles, the trajectory of which sometimes pose a 

danger both to the environment and to the train itself. This is also explained by the fact that, 

as a consequence of the increase in the speed of trains, the configuration of the train, the 

distance between the trains, the height of the bottom of the train plays a significant role. 

Cavitation is formed and cavitation erosion occurs (stagnant zones, turbulence zones), and 

there is also a non-standard flow of the environment (air), both drag and tangential forces of 

surface trains increase, resulting in variable velocity field, voltage over time and movement 

of rolling stock can switch to oscillatory mode, which leads to instability of movement, 

where local resistance becomes dangerous, that is, reduces the safety of movement of the 

train. The entrained particles from the underlying surface spread into the surroundings, and 

also threaten the surface of the wagons. 
Depending on the speed of the train, the length, the distance between the trains and 

other technical characteristics, both in the whole composition of the rolling stock, and 

between and around the trains, cavitation effects occur, which will significantly change the 

resistance forces, lifting forces and the speed of the environment (air). 

2 Problem statements 

In order to determine the velocity field in the vicinity of a rolling high-speed train, the 

problem of jet flow around the rolling stock, which is generally spatial, is considered below 

in the vertical plane, taking into account different possible configurations of a high-speed 

train. At the same time, taking into account the smallness of the kinematic viscosity of air at 

a temperature of 10° -20 °C, 
2

40,134 10
sec

m
   these tasks are divided into two parts: 

- the boundary layer above the surface of the rolling stock of the train, where the 

influence of the friction force is taken into account, the thickness, which is small and the jet 

flow around the rolling stock of the train is ideal incompressible at 0,25М  , where M is 

the Mach number; 

- at 0,25 1M  , we consider the flow of an ideal compressible fluid (air). If there is a 

strong wind in the atmosphere, the air flow will be a mixture of suspended particles. In this 

case, the above-mentioned jet problems will be considered in the model of interacting 

interpenetrating media [1]. In [2-4], in some cases, solution methods for ideal liquids are 

given. 
The flow of viscous air is considered directly above the surface of the rolling stock of 

the train, and the determination of the velocity field makes it possible to determine the 

resistance forces due to friction. The influence of the high-speed train movement on the 

atmosphere, as well as the surrounding region, mainly extends to the final width of the 

atmosphere. In practice, we will have a two-layer air movement over the surface of the 

rolling stock with a thickness of  x  and the lower layer (the region is the boundary 

layer) of the solution determined in the process, the flow of an ideal liquid 
ZG  (Fig. 1). 
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Fig. 1. Aerodynamic shape of a high-speed train and solid particles near it. 

 
We accept the current as flat, potential, stationary. In the problem of determining the 

distribution of velocities, pressures and densities in the surrounding region, as well as the 

coefficient of resistance to the movement of the train, we take as formed due to perturbation 

during the movement of the train in an unlimited air environment. It is assumed that the 

resulting perturbed air movement is potential, stationary, since the motion of the high-speed 

train is subsonic, and therefore it is assumed to take into account the compressibility of the 

air. It is also assumed that at a distance h (figure 1.) from the side wall of the train, the 

speed of air particles will be much less than the speed of the train. 

It is also considered that during the movement of the composition in the surrounding 

region, there are solid particles ( 1 2 3, , ,..., np p p p  is meant as crushed stone figure 1) of 

different shapes and masses on the Earth's surface. Under the influence of the movement of 
the composition formed by the air flow, the problem of the distribution of velocities in the 

air under the composition or in the vicinity of the wagons of the composition and the 

impact force on each particle (crushed stone) is solved. As a result, there is a separation of 

particles on the Earth's surface (fine gravel or sand) and their entrainment in the 

surrounding region, taking into account the force of the flow in a linear pattern of 

resistance. 

3 Theoretical basis 

The plane problem of rolling stock flow in the vertical plane of an ideal incompressible 

fluid (air flow) is considered. It is assumed that the rails are located on a vertical surface. 

Imagine that we will have the origin of coordinates on the front of the train in moving 

coordinates, assuming that the train is moving at a constant time velocity пV  (Fig. 2). 
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Fig. 2. The vertical plane of flow around a moving high-speed train in an ideal incompressible fluid is 
considered 

 

Here the boundaries BF, FC and CD with the horizon have angles 
2


,   and   

respectively. Then the velocity of the air particles away from the train at point A will be 

A пV V  directed along the x-axis AB . The area of the air flow will be the area of the curve 

passing through the points ABFCDE and back EА , the free surface DE. The flow is flat, 

stationary (liquid), the air is incompressible, can be an ideal liquid, and since the kinematic 

viscosity of the air is determined by the equality 
2

40,134 10
sec

m
   . 

Suppose that the appearing motion of air particles is potential, then the velocity of air 

particles is determined by the equality 

 

V grad      (1) 

 

where ( , )x y  is the velocity potential. 

The continuity equation has the form: 

 

0
u v

x y

  
 

 
     (2) 

 

where ,u v  are the components of the velocity vector of air particles. 

We introduce the stream function  ,x y  in the form 

 

1 1
,u v

y x 

 
  

 
   (3) 

 

where 
0,3

variable 0,3

const when М

when M



 


 and М – Mach number. 
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If the train is moving at a maximum speed of 350 400 /km h , the air density is variable, 

and at M<0.3, the air density is constant, since   can change by a small amount, that is, 

0     , where 

0

1





 . Equality (3) satisfies the continuity equation (2). 

We introduce a complex potential      yxiyxzw ,,   , where z x iy  . Then from 

the equalities (1), (3) we have that the introduced complex function of the velocity potential 

will be p-an analytical function. 

 

1 1
,u v

x y y x

   

 

   
    
   

    (4) 

 

When a train is moving at subsonic speed, for the case 1M   at 

1 1
,  ,const u v

x y y x

   


 

   
     

   
, a method is proposed for solving jet 

problems of a compressible fluid by first solving the problem for an incompressible fluid 

(then 0  ). 

In the case of an incompressible fluid const   and then the introduced function will be 

an analytical function in the flow region zG  (Figure 2). 

The flow region zG  has, along with solid boundaries, a free surface DE , detached at point 

D, from the surface of the train, along which we assume the pressure constant. In this 

regard, we will display the flow region zG  to the region 0G  - the upper half-plane, the real 

axis of which is in the region 0G  corresponds to the boundary of the region in the figure 3. 

 

 

Fig. 3. Is a mapping of the flow region zG  to region 0G  

 

Is a mapping of the flow region zG  to region 0G  – the upper half-plane, the real axis of 

which in region 0G  corresponds to the boundary of the region in figure 3. Then the 

introduced functions of the velocity potential  ,x y  and the current function  yx,  

satisfy the Laplace equation, and the complex potential      yxiyxzw ,,    will be an 

analytical function both in the flow domain  iyxzG
z

  and in the canonical region 

0G , where i    ,    in the real,    in the imaginary region (Fig. 2). 

The segment AB of the region 
zG  corresponds to the segment 

1 1A B  in the region 0G ,  

where 0, 0    . 

The segment BF corresponds to the segment 1 1B F , where 0, 0 .f     
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The segment FC corresponds to the segment 1 1F C , where 0, .f c     (5) 

The segment CD corresponds to the segment 1 1C D , where 0, 1.c     

The free surface DE corresponds to the segment 1 1D E , where 0, 1 .e     

The boundary of the flow region EA  corresponds to the segment 1 1E A ,  

where 0, e      in the region 0G . 

 

From the equalities (1.4) for const   we have that the introduced, complex potential 

     , ,w z x y i x y    is an analytical function in the region 0G . Using the principle 

of matching boundaries and introducing the Jankowski function in the form 

 

 
   




 i
V

V

V

V
 00 lnln     (6) 

 

where V u iv   conjugate complex velocity; ,u v  components of the velocity vector 

V ui vj  ;   - the angle of inclination of the velocity vector, air particles to the horizon. 

To determine the Jankowski function     in the region 0G , we have the following 

boundary conditions: 

Along the segment  1 1 : 0, 0 Im 0A B            

Along the segment  1 1 : 0, 0 Im
2

B F f


          

Along the segment  1 1 : 0, ImFC f c           

Along the segment  1 1 : 0, 1 ImC D c           (we assume that 

  ) 

Along the segment 1 1 : 0, 1 Re 0D E e       

Along the segment 1 1 : 0, Im 0E A e        

Introduce the function  
1

 in the form  

 

   
1

1 e     (7) 

 

Then for the introduced function  
1

 - analytic in the flow region 0G , we have the 

following conditions: 

Along the segment 1 1 1: 0, 0 Im 0A B        . 

Along the segment 
1 1 1

1
: 0, 0 Im

2 1
B F f

e


  

 
   

 
 

Along the segment 
1 1 1: 0, Im

1
FC f c

e


  

 
   

 
  (8) 

Along the segment 
1 1 1: 0, 1 Im

1
C D c

e


  

 
   

 
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Along the segment 1 1 1: 0, 1 Re 0D E e        

Along the segment 1 1 1: 0, Im 0E A e        

Using the Schwarz integral formula, we define the desired function  
1

 in the form 

 
 1

1

Im1 t dt

t


 

 






 . Then, using the boundary conditions for 1Im  (8), we obtain 

the following equality for the desired function  
1

: 

 

 
     

1

1

0

1 2

1 1 1

f c

f c

dt
dt dt

t e t t t e t t t e t t


 

 
   

 
 

   
         

 

    

 

Having calculated the integrals, we obtain an analytical expression for the desired function 

 
1

 in the region 0G
 

 

        1 2 2( )

1

2
ln 0, , ,

1
F F f F c

e

  
    

 

 

        
 

  (9) 

where 

 

 

 

1
0, ;

1

1
, ;

1 1

1
, .

1 1

e
F

e e

f e
F f

e f e f

c e
F c

e c c e




 




 




 




  

 


    

 


    
 

(10). 

 

Given the equalities (7) and (10), we obtain expressions for the Jankowski function

   1 ln    F  (11), 

 

where        
1 2 2( )

0, , ,F F f F c
  

   
 

       F    (12). 

 

Given the equalities (1.11), (1.6) we obtain expressions for the distribution of the conjugate 

complex velocity in the region 0G
 

 

   0u iv V V    F      (13) 

 

where i    . 

Now we determine the velocity of particles on a free surface from the conditions 

 0 lim ,0nV V F





 . 

Using equality (12) and assuming 0   and calculating the limit of   , we obtain 

equality  0 0 , , ;nV V f c e   where 
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 0

1 2 2( )
1 1

, , 1
1 1

e e
f c e e

e f f e c c

    
                       

  (14) 

 

So equality (1.13) will be written as:  

 

   
0

V
пV  


F

0

    (15) 

 

In the flow region zG , the source with the flow rate q  q V h
п

  is point  A x  , the 

drain is point E with the same flow rate q. The complex potential whose area of change is a 

band of width q and then for the complex potential, using the Kristoffer integral formula, 

which gives a mapping of the area of change of the function  w   to the region 0G : 

 

 

 
1dw q

d e



  



    (16) 

 

Now we define the velocity field of air particles in the flow region zG  in parametric form; 

to do this, we find the mapping function of the region zG  and 0G , which gives the 

correspondence of the points of the regions, zG  and 0G , the dependence between the 

variables z and  , in the regions zG  and 0G  as follows 

   
0dz dw q

dz d
dw d e V

п


   


 

 F
 or using the equalities (14), (15). 

 
   

0 ;

0

h d
z

e

 


  


 

 F
 or 

 

 
 

   
0ˆ ;

0

z d
z

h e

 


  


  

 F
    (17) 

 
The equalities (1.15) and (1.17) give the distributions of the velocity field 

   ˆ ˆ, , ,u x y       and    ˆ ˆ, , ,v x y      , 

 

where  
   

0ˆ , Re ;

0

d
x

e

 
 

  

 
  

  
F

 
   

0ˆ , Im

0

d
y

e

 
 

  

 
  

  
F

 (18). 

Now let's start determining the mapping parameters f, c and e from the conditions of 

correspondence of the boundaries of the regions zG  and 0G  (because at 0  , the 
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segments of the region 0G  correspond to the solid boundaries of the flow region zG ) we 

have, since the lengths of the segments BF, FC and CD are given, ,  ,  BF FC CDl l l  

respectively 

 

           
0 0 0

1
ˆ ˆ ˆ; ; ;

0

f cd d d
l l l
BF FC CDe e ef c

  

       

  
    

  F F F
     (19) 

 

where ˆ ;
l
BFl

BF h
  ˆ ;

l
FCl

FC h
  ˆ .

l
CDl

CD h
  

At high train speeds of more than 280 km/h and above, the compressibility of the air 

should be taken into account. Using the developed approximate method for determining the 

velocity field and other parameters, we will find them. Then for a compressible fluid, when 

the process is polytropic, the pressure and density are determined by the equalities 

 

0

1
2 2 2

1 , 1 , 1
0 0 0 0 02 2 2

0 0 0

V V V
p p

V V V

  

      


     
          
     
     
     

    (20) 

 

where 
1

1n
 


, 

2
2

0 02

max

1

1

V n
M

V n



 


, 0

0

V
M

a
  - the Mach number along the free 

surface, a is the velocity of sound propagation in the atmosphere, n is an indicator of 

polytropy. 

Formulas (18) will have the form: 
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  (22) 

For the mapping function we have (for a polytropic process in the air 
0

0

n

p p




 
  

 
, 

where - 0 0,p   is the pressure and density of the air during braking). 
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; 

n - the polytropy indicator, where 
1

1n
 


. 

Then, assuming 0  , the coefficients f, c and e are determined from the equalities: 
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   (23) 

 

From these equalities, the length of the segments l̂
BF

, l̂
FC

, as well as the point of 

separation of the flow from the surface of the train l̂
CD

 are determined. 

0V - the velocity on the free surface DE (Figure 2) is determined by the equality 

 

0

0

nV
V 


    (24) 
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4 Experimental results 

The problem of the flow around the composition of a high-speed train, which reduces to an 

approximate calculation of the singular integral and gives the distributions of the velocity 

field, also setting the configurations of a real train and boundary conditions (18) in [5], a 

numerical solution satisfying equality (24) was performed and coefficients for a specific 

configuration of the composition f, c, e were found (figure 4). 

 

 

Fig. 4. Numerical solution satisfying equality (24) where coefficients are found for a specific 
configuration of a high-speed train (Afrasiab - Talgo 250) f, c, e 

 

Having set all the values for   in a given interval from formula (1.8), the corresponding 

results of x and y are found, which are given in [5], and a graph of the function for variables 

x and y is constructed. Applying the results obtained, the velocity of air particles on the 

surface of trains, pressure, and particle velocity at a distance from the trains of a high-speed 

train are found in the tables below. 

Table 1. Calculations of velocity, pressure and density were obtained on excel 

 0,F       
ω(ξ)

= √ξ − 1√ξ − fω1(ξ) 
 1   0  nV  0V  V  / nV V  

0.9398 0.06 0.06 0.73 0.55 50.0 90.1 84.7 1.69 
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Table 2. Speed distribution on the side surface of the train. 

x̂   0
ˆ4K x   ˆ0,3x

e   
 

0

ˆ0,3
ˆ4

x
K x e     

 
0

ˆ0,3
ˆ ˆ4n

x
V x V K x e    

0.09 1.145 1.0273 1.176 81.684 

0.1955 0.6222 1.0477 0.6519 45.268 

0.2659 0.421 1.083 0.4559 31.6617 

0.57 0.07914 1.1864 0.0938 6.5203 

 

The velocity modulus on the free surface is also found 
0

0

1,178nV
V  


, where 

0 01 0,72 0,8485f     . On a free surface, the velocity is 
0 1,178 nV V , V on the 

side wall of the train is determined by   1,178b пV V
f








, velocity of air particles on 

the surface of wagons. 

At a distance H from the side wall of the wagon, where  
0,28

пV V








. Also, an 

experiment was conducted on the fly away of particles (crushed stone) on the high-speed 

train line in the city of Jizzakh, Dashtobod checkpoint, a new line, where the speed of a 

high-speed train reaches 230 km/h. Before the passage of the high-speed train, the particles 

are shown in Figure 5, after the passage in Fig. 6. 

 

  

Fig. 5. shows the particles before the train passes Fig. 6. shows the particles after the train 
passed 

 

And according to the results of the experiment, it was revealed that the calculations 

performed coincide with the experiment carried out due to the fact that the selected crushed 

stone was quite heavy and some were slightly displaced, some remained in their places at 

all. 
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5 Results discussion 

Previously, the problems of entrainment of air flow particles formed during the movement 

of a high-speed train were considered [5, 6, 7], but the cases were not considered when the 

train (high-speed train) is moving simultaneously with solid particles (crushed stone) 

located in the vicinity of the train (Figure 1), in various areas along which the high-speed 

train passes, forming an air flow at high speed that can tear particles from the earth's 

surface and carry away in a certain direction, but the train continues to move next to 

possible carried away particles up to a certain point. Given that the train is moving at high 

speed uniformly in one direction, we believe that the motion of the entrained particles will 

mainly move in the direction of movement of the train with a slight deviation. When the 

train is moving, we take the air as incompressible (because the speed of movement of the 

train is 250 /nV km h , the Mach number is 0,32M  ). So it is possible to introduce the 

velocity potential and current functions satisfying the continuity equation 

( , )u x y
x y

  
 
 

, then the complex potential in the flow region zG , z x iy   is 

analytical functions, where 0 , 0x y    , which are also found in [5]. 

In [8, 9], the problem of the removal of individual solid particles from the Earth's 

surface is considered. In reality, there may be n - pieces of solid particles located randomly 

on the earth's surface. A model of entrainment of solid particles lying in the vicinity on the 

Earth's surface with various configurations formed by the movement of air flows of a high-

speed train is considered. In [9] considered, the problem of a single solid particle with a 

diameter d, with a density ч , whose motion was saltational, and in the model of quadratic 

resistance to the movement of particles from the Earth's surface, the separation velocity was 
not assumed. The problem of carrying away n pieces of solid particles is also considered, 

the direction of separation, which occurs in the vertical direction, is found [7]. To study the 

issues of entrainment of solid particles from the Earth's surface, we use the equation of 

motion of solid particles as a continuous medium during separation, and moves as a whole. 

Then the model of saltational motion gives the field the opportunity to determine the 

trajectory and patterns of particles. In the case when the distance between the particles was 

much greater than the height, then the method of individual particles was applied, where it 

was found that the separation of each particle was weakly influenced by neighboring 

particles. With a uniform length distance between the particles, the model of a single 

particle is also applicable. We also obtained the air velocity acting on each solid particle 

located at the corresponding coordinates. 

6 Conclusions 

A sufficient number of materials have been studied [1, 8, 10-20] in this field. The 

collecated materials have been analyzed. The task was set to form models and algorithms 

for the flow of an ideal incompressible fluid around the composition and to calculate the 

entrainment of particles located in the vicinity of the composition. We can say that the goal 

of the ball set for us has been fulfilled. Calculations were performed to determine and 

distribute speeds in the vicinity of a high-speed train. The problem of determining the 

pressures during acceleration at the boundary of the layer according to the composition of a 

high-speed train is solved. Numerical calculations have been performed and a model has 

been compiled. Using this model, it is possible to calculate pressures at the boundary of the 
layer, as well as at different distances from a high-speed train. The speed and pressures at 

the boundary of a high-speed train were determined by numerical methods. The formulation 
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and analytical solution of the problem of acceleration on the boundary layer of a high-speed 

train is given. The problem of tangential stresses is solved, the resistance of the air flow to 

the movement of a high-speed train is determined. 

A numerical solution of the problem for determining the air flow resistance near and in 

the vicinity of a high-speed train is given. An experiment was carried out on the removal of 

small stones (impurities) located on the Earth's surface near and in the vicinity of trains by 

the air flow formed by the movement of a high-speed train. The analysis and research on 

the obtained results of the experiment "On the removal of small stones (impurities) located 

on the Earth's surface near and in the vicinity of trains, by the flow of air formed by the 

movement of a high-speed train" is made. The problem of the flow of small impurities of 

different sizes and masses by the air flow formed during the movement of high-speed trains 
has been analytically solved. Numerical calculation and analysis of the considered problem 

is carried out. The trajectories and laws of motion of impurities (of different configurations 

and masses) carried away from the Earth's surface are determined. Numerical calculations 

were carried out according to these formulas and the corresponding results were obtained. 

The saltation movement of impurities (of different configurations and masses) carried 

away from the Earth's surface by an air flow generated during the movement of high-speed 

and high-speed trains are determined and calculated. Numerical calculations were carried 

out according to these formulas and the results were obtained. The calculations carried out 

have already found their application in the organization of the movement of the high-speed 

train "Afrasiab" (Talgo). The results of the research work will continue to be used 

(implemented) to ensure the safety of high-speed trains, as well as the environment. 
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