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Abstract – The article is devoted to the study of the 
geometric laws of intersection of angle shock wave 
formed during supersonic flow around two 
axisymmetric solids. An analysis of such an experiment 
is given by the method of processing photographs 
(video frames) by the parameter of image intensity. 
This method allows determining with high accuracy 
the angle of inclination of shock waves and 
subsequently identifies the contact points of the shock 
wave with the surface of the models. The proposed 
approach to the geometric analysis of supersonic flow 
around two solids makes it possible to look differently 
at the interference of shock waves and evaluate the 
qualitative and quantitative processes that occur 
during their interaction.  

Keywords – gas flow density, supersonic gas-dynamic 
flow, image intensity, digital processing of 
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1. Introduction

A number of papers are devoted to the study of the 
aerogasdynamics of supersonic flows in case of a  
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group flight of aircraft under various conditions of 
their relative position [1], [2], [3]. 

A detailed analysis of the gas-dynamic structure of 
the interaction of shock waves of such flows is 
important for explaining the effects of aerodynamic 
interference and predicting the forces and moments 
that arise. An in-depth study of the features of such 
complex flows requires the use of both experimental 
and computational methods. In one of the works [1], 
based on the solution of the Euler equations, there is 
a comparison of the results of numerical calculations 
of supersonic flow located at angles of attack of two 
solids of rotation with experimental data. The results 
of numerical calculations of aerodynamics at 
separation of rocket stages are presented in another 
works and there are the main conclusions of two-
solid flow at zero angle of attack [4], [5]. A number 
of works studies the effects of aerodynamic 
interference with the surface of the solid rotation 
with a conical head end and two similar solids [6], 
[7], [8]. The results of investigation of air-flowed 
supersonic models of axisymmetric solids with 
different configuration of the nose part are presented 
in [9], [10], [11]. In one of the works [12], the 
authors show the possibility of analyzing the flow of 
air-flowed supersonic models of axisymmetric solids 
by digital video frame processing on the basis of 
experiments [9]. Formulas determining the 
intersection point of shock waves arising from the 
supersonic movement of two axisymmetric solids for 
the case of attitude of their axes parallel to each other 
are also given in [12], [13]. 

This work is a continuation of the studies of shock 
wave interaction started earlier [14]. The digital 
method of video frame processing allows estimating 
"force" of crossing waves, defining dynamics of 
"attenuation" of a shock wave depending on distance 
from object and external conditions of flow of a gas 
flow in experiment. This allows to calculate more 
accurately the coordinates of the point of contact of 
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the shock wave apex with the surface of the 
"neighboring" object and further to calculate the 
strength characteristics of the shell of a moving 
object for the optimal choice of its material and 
possible surface coverage for different flight 
conditions [15], [16], [17]. 
 
2. Grapho-analytical Method for Determination 

of Geometric Parameters of the Shock Wave 
Zone 

 
During the movement of supersonic axisymmetric 

devices in case of the group flight there are the shock 
waves at first, the form of which depends on a 
forward part of the specific device, their attitude 
angle relative to each other, etc. [9]. 

In front of the apparatus having ogival shape, the 
intermediate between the cone and the ellipsoid, 
which passes on to the cylindrical one, there is an 
attached conical shock of the seal with the apex in 
the apex of the ogival solid. When two or more 
similar devices move close to each other, an 
interaction (interference) of shock waves occurs, as a 
result of which shock waves affect the housings of 
the moving devices. This leads to a change in the 
pressure on the housings of the devices, in a change 
in aerodynamic momentary characteristics and, 
ultimately, may change trajectories, increasing the 
probability of collision. 

There is the scheme of the movement of two 
axisymmetric solids with conical head parts in the 
symmetry plane for the case of attitude of their axes 
parallel to each other [13] (Figure 1.). 
 

 
Figure 1. Scheme of intersection of oblique conical shock waves 

 
The speed of the first object is М1, the speed of the 

second object is М2. The distance between the model 
axes is H. The displacement of the front parts of the 
models relative to each other is ∆х=l2-l1. The angles 
between the generatrix conical shock waves and their 
axes are called Mach angles. They are connected to 
the Mach number by the following ratios: 

 

sinα=1/M1; sinβ =1/M2.   (1) 
 

Therefore: 
 

α=arcsin(1/M1 ); β=arcsin(1/M2 ). (2) 
 

Coordinates of the intersection point of two shock 
waves А0(х0,у0) are determined by the following 
equations: 

 

у0=(x0- x1)tg(arcsin(1/M1 ))+ y1.  (3) 
 

𝑥  (4) 

 

Distances Н1 and Н2 from the point of intersection 
of the shock waves А0(х0,у0) are determined by the 
following dependencies: 

 

Н1=y1-0,5D1-y0; Н2=y0+0,5D1-y2.  (5) 
 

Crossing point coordinates А3(х3,у3) and А4(х4,у4) 
of the outgoing shock waves with objects with the 
known values of the coordinates of the point 
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А0(х0,у0) and known angles θ and φ, are determined 
by the following dependencies: 

 

у3 = у0+Н1; у4 = у0 –Н2.   (6) 
 

х3= x0 – ; х4=x0 – 


.   (7) 
 

The geometrical calculations presented above are 
based on a variant of head parts of objects made in 
the form of a classical cone for which the ratios are 
fair (1). In real designs, the form of a head part can 
be essentially different from conic and have, for 
example, the form of an ogival solid. Therefore, at 
the definition of angle values of the conic shock of a 
seal, departing from nose parts of objects, their 
correction is necessary. It is also necessary to know 
the exact values of the inclination angles  and . 

For axisymmetric solids with a conical head shape 
or close to it, the disconnected seal shocks (curved 
seal shocks) in most cases can be described as a 
second order parabola. At some distance from the 
apex of the parabola the shock wave with some 
assumption can be described by a straight line, 
typical for the Mach line. It is necessary to find the 
section of the shock wave where its parabolic shape 
turns into a straight line. 

Thus, for the correct graphical analysis of the gas 
flow of the above presented scheme it is necessary to 
solve two problems: 

 

1. To determine the coordinates of the start point of 
the Mach line, where the equations are valid (1). 

2. To create a technique for processing 
experimental data at different positions of objects 
relative to each other. 

 

Quantitative estimation of shock wave angles 
depending on the velocity of the incoming flow can 
be made by digital processing of shadowgraphs by 
the image intensity parameter. Such method is given 
in work [14]. Further development and expansion of 
its application possibilities for various tasks of 
supersonic gas-dynamic is presented in another work 
[13]. 
 
3. Digital Image Processing Method for the 

Study of Supersonic Flow of a Combination of 
Two Axisymmetric Solids 

 
Shadowgraph and schlierenimages are widely used 

to visualize supersonic currents with shock waves. 
In a number of works [9], [10], [11], there is an 

extensive material on research flow near models of 
axisymmetric bodies streamlined by an air supersonic 
flow, including experimental results of blows in a 
wind tunnel at M=2.43 is resulted. There are a lot of 
quality schlierenimages, one part of which is shown 
in Figure 2. Here хw is the object offset value with 
respect to each other, D is the diameter of the 
cylindrical part of the object. 
 

 
 

Figure 2. Schlierenimages of experimental study of supersonic flow of two solids [9] 
 
Two solids have the same shape at the front, the 

distance between the axes of the models is 2.94D. 
The angle between the model axes is ψ=0º. For this 

example, the connected conical shock waves with the 
apex in the ogival solid must be identical. The 
conducted primary analysis of video frame data by 
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the image intensity parameter showed the necessity 
to make corrections to the initial experimental data 
given by the authors. So, the distance between the 
model axes in the head area is 2.78D, tailing distance 
is 2.93D. In other words, there is some deviation of 
object axes from parallelism. This is also confirmed 
by measuring the angles between incoming shock 
waves. 

The method of digital image processing is based 
on the analysis of images of the gas flow structure 
with its representation in three-dimensional 
coordinates, where the third dimension is the image 
intensity (brightness) L=f(x,y), and x,y are the 
Cartesian coordinates. The area of the photo (video 
frame) is divided into discrete cells containing from 1 
to N pixels horizontally (abscissa x) and 1 to M 
pixels vertically (ordinate y) (Figure 1.). The size 
m×n of the cell depends on achieving the necessary 
accuracy in evaluating a photo study. The image 
intensity function 𝑙 𝑥, 𝑦  is a quantitative 
characteristic of the white level in the photo and (in 
the case of a digital photo) is represented by matrix 
𝐿 𝑙 𝑥, 𝑦  of integers reduced to a gradation 
range of 0.255 (quantization), where 𝑀 𝑘𝑥 1, 
𝑁 𝑘𝑦 1, k= Δof/Δp is the sampling factor, and 
Δof , Δp  is the proportion of the size of the elements 
in the digital picture and its value in reality, 
respectively. 

As it was mentioned above, for axisymmetric 
solids with a conical shape of the head part or close 
to it, the disconnected shock wave can be described 
as a second order parabola, the regression equation of 
which has the following form: 

 

У а 𝑏х 𝑐х .   (8) 
 

Here У is the calculated parameter value. 
The values of coefficients a, b, c are determined by 

solving the following equations: 
 

𝑛𝑎 𝑏 ∑ 𝑥 𝑐 ∑ 𝑥 ∑ 𝑦 ;

𝑎 ∑ 𝑥 𝑏 ∑ 𝑥 𝑐 ∑ 𝑥 ∑ 𝑦 𝑥 ;
𝑎 ∑ 𝑥 𝑏 ∑ 𝑥 𝑐 ∑ 𝑥 ∑ 𝑦 𝑥

  (9) 

Here n is the number of points that define the 
regression line. 

At some distance from the apex of the parabola, 
the shock wave, with some assumption, can be 
represented by a straight-line characteristic of the 
Mach line. 

The Mach line can be defined by two methods 
(Figure 3., 4.) 16: 

 

1. By the method of least squares (MLS) by 
discrete points using the Freeman chain 
code or by boundary points.  

2. As a regression line on the correlation 
field. 
 

Figures 3. and 4. show an example of an array of 
cells in the shock wave zone with their x and y 
coordinates from the total array L=f(x,y). If Li≥Ld (or 
Li≤Ld in case of the mirror angle of camcorder 
backlight), we color them. Here Ld is the limit value 
of the image intensities. In cells where this condition 
is not met, they are not reverberated or we do not 
color them. So: 

 

𝑎
𝐿 , if 𝐿 𝐿

0, if not.
   (10) 

 
For the mirror image version: 
 

𝑎
𝐿 , if 𝐿 𝐿

0, if not.
  (11) 

 
The direct equations when using MLS is the 

following: 
 

xcos φ ysin φ К.  (12) 
 
Here 
 

К ∑ 𝑥 cos φ 𝑦 sin φ . (13) 

 
The angle of the shock wave φ is the following: 
 

𝜑 2arctg
∑ ∑ ∑

∑ ∑ ∑ ∑
,    (14) 

 
where N is the number of points with the metering Li. 

Mach line coefficient У kх+h is expressed by: 
 

h=𝑦-k�̅�; 

𝑘
∑ ̅

∑ ̅
. 

 
Here 
 

�̅�
∑

; 𝑦
∑

. 

 



TEM Journal. Volume 9, Issue 2, Pages 449‐459, ISSN 2217‐8309, DOI: 10.18421/TEM92‐05, May 2020. 

TEM Journal – Volume 9 / Number 2 / 2020.                                                                                                                           453 

 
 

Figure 3. Example of displaying an array of cells in a shock wave with a specified condition Li≥ Ld 
 
The regression equation is determined by boundary points or Freeman chain code (Figure 4.). 

 

 
 

Figure 4. Display of the array of cells on a segment of a shock wave with the specified condition Li≥Ld 
 
The length of the Mach line is determined based on 

the condition that the distance from the point М1 to 
the approximating line 1 with a given confidence 
level of limit value d (Figure 5.) is not exceeded. 

In Figure 5. there is the definition scheme 1 as a 
condition for the intersection of two lines: 

 

у=k1x+ h1 and у=k2x+h2. 
 

In accordance with the data of 13, for any point 
М1(х1, у1) there is the following: 

 

  х х у у     (15) 

 

 
 

Figure 5. Distance determination circuit 1 from the Mach line to the point М1 
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The second method for determining the 
coordinates of the beginning of the Mach line is 
based on an analysis of the dynamics of changes in 
the correlation coefficient ху along the entire shock 
wave line. Correlation coefficient ху is advisable to 
be determined according to the correlation field on a 
given segment (Figure 6.). In this case, at the 

beginning, a segment of the shock wave is taken at 
the end of the studied parabola (segment 1-2). Value 
ху is determined and compared with a valid 
correlation coefficient d. If the condition ху≥d is 
met, then the length of the segment increases (1-3, 
etc.) to the segment (1-5), when this condition is no 
longer fulfilled. In 1-4 there is the Mach line. 

 

 
 

Figure 6. Coordinate definition scheme of the beginning of the Mach line if ху≥d 
 
The methods for estimating the coordinates of the 

beginning of the Mach line need significant 
calculations. The starting point of the Mach line can 
be determined by a joint solution of the equations of 
the parabola and the straight line. 

To study the gas-dynamic parameters of the 
considered shock waves, we apply the digital image 
processing method. In Figure 7. there is the scheme 
of change of intensity in a cross section of a shock 
wave. 

 

 
 

Figure 7. Scheme of a shock wave in a cross section of a gas flow 
 
The strength of the shock wave is characterized by 

the amplitude of the shock wave L=|Lmax-Lmin| and 
its width S. In the point Lmin there is the maximum 
value of pressure in the shock wave, where the gas 
flow rate is minimal. It is known that there is a 
relationship between the image intensity and the 
change in the density gradient for the shadowgraphs 

of visualizing the gas flow field, and the gas flow 
density for the schlierenimage. This pattern was 
shown by the authors in the work [13] when 
analyzing photography (Figure 8.а) of an under 
expanded air flow blown into a blowing flow with 
М=3 [15], [16]. 
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Figure 8. Comparison of the pressure distribution graphs for the jet (b) [15] and changes in the image intensity in a 
longitudinal section near the plate (c) 

 
In Figure 8.b there is the graph of the distribution 

of static pressure on the surface for the jet [15], in 
Figure 8.c there is the graph of the image intensity in 
section 1 (near the surface of the nozzle from which 
the jet was blown). It can be seen that before the jet, 

the pressure increases to a certain value Р2, then it 
stabilizes at a certain length, followed by a drop in 
pressure to a value Р3, and then the second maximum 
pressure Р4 comes, significantly exceeding Р2. The 
pressure Р4 acts on a narrow strip to the jet. 

 

 
 

Figure 9. Pressure calculations in a number of longitudinal sections near a streamlined solid 
 
With the distance from the object, the maximum 

value of pressure attributable to the shock wave falls 
and then sharply decreases, and the pressure 
dependence Р/Р with distance from the axis of the 
object is almost linear. It can be assumed that this 
linear law of pressure change should be observed 

along some part of the shock wave. And, 
accordingly, taking into account the relation between 
the dynamics of pressure change and image intensity, 
we can assume that the parameter L in this area also 
decreases linearly. 
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4. Results and Discussion 
 

 

In Figure 10.a there is a video frame of a flow around a blunt cylinder by a supersonic gas flow 14. 
 

 
 

 
c) 
 

 
d) 

 

Figure 10. Supersonic gas flow flowing around a blunt cylindrical solid (a), function L=f(x,y) (b),  dynamics of change 
L in the shock wave (с), of the change diagrams L, Lmax, Lmin depending on the distance from the object (d) 

 
In Figure 10.b there is the function display 

L=f(x,y). Using digital image processing at various 
distances from the model, change diagrams L along 
the axis х (Figure 10.с) are obtained and there are 

change schedules L, Lmax, Lmin depending on the 
distance у/D (Figure 10.d). It can be seen that these 
parameters with a distance from the object have 
tendency to decrease close to a linear one. Moreover, 
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even at a distance у/D=9, there is a “weak” shock 
wave (L>0). Based on the above findings, the 
parameter L is the criterion for assessing the 
"strength" of the pressure change in the shock wave. 

In Figure 11. there is the shock wave splitting 
scheme for objects unbiased relative to each other 
(Figure 11.а) and corresponding function L=f(x,y) 

(Figure 11.b). Sections 1-1 and 1-2, respectively, are 
the lines of the shock wave emanating for the first 
object, sections 2-1 and 2-2, respectively, for the 
second. Sections 3 and 4, respectively, are “free” 
sections of shock waves. It is believed that in these 
areas there is no effect of the intersection with other 
shock waves. 
 

 
а)       b) 

 

Figure 11. Video frame of the shock wave intersection zone (a) and the corresponding function L=f(x,y) (b) 
 
In Figure 12.а there is the video frame [11], graphs 

of the change in L along the X axis for the shock 4 
(Figure 12.c), and L (Figure 12.с), calculated by 
Figure 12.а. In Figure 12.b, pressure dependence 
Р/Р from distance to model, taken from the graph of 
Figure 9. is also shown. Correlation relation between 

L and Р/Р is observed at a sufficient distance from 
the object. From diagram analysis L near the model, 
an active drop in the image intensity is not observed, 
which should also indicate insignificant pressure 
fluctuations in this area. 

 

 
 

Figure 12. Gas flow video frame (а) [11], change graph L (b), L and Р/Р (c) 
 
In Figure 13 а. b there is the change diagrams L 

over the entire profile of shock wave 4 in the range 
Y/D =0.5-2.25 for a video frame of Figure 11. a. In 
these diagrams, the dashed line shows the laws of 
change Lmax and Lmin. Their analysis allows seeing 
the dynamics of change L over the entire shock 

wave range. It can be seen that at distances up to 
2.5D, the amplitude L changes slightly from the 
model axis. General dependency graphs L from Y/D 
from Figure 13. confirm the conclusion that the 
image intensity to a distance 2D from the axis of the 
model remains almost constant. 
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Figure 13. Change diagrams of Lmax, Lmin for shock waves 3 (a), 4 (b) and graphs of change �L depending on Y/D 
(с) 

 
In Figure 14. there are the results of a similar 

change analysis of L from Y/D for several options 
for displacing objects relative to each other (Figure 
2.). As for the displacement of objects xw/D=1.65 
(the lower model is pushed forward) the values L 
also almost constant to Y/D=2 (Figure 14.а). The 
values L can be considered as constant in the 
studied range Y/D in shock 4 for the given options for 
the displacement of objects relative to each other, 

although the absolute values L are different, 
especially for xw/D=2.68 (the top model is pushed 
forward). This difference can be caused by the 
influence of some non-uniformity of the supersonic 
flow in the wind tunnel, especially near its walls, the 
existence of a boundary layer on the walls of the 
pipe, and inaccurate installation of models during the 
experiment. 

 

 
 

Figure 14. Change graph of the parameter L depending on the Y/D for different offset options for objects relative to 
each other xw/D 

 
The results of the study show that the trend of 

change 
Р

Р
 in the shock wave is confirmed by the 

change of the difference Lmax-Lmin. Moreover, the law 
of change L and  

Р

Р
 is directly proportional, i.e. 

with distance from the axis of the object, the pressure 
in the shock wave decreases. Also, near the model, 
there is no active drop in the image intensity, which 

should also indicate insignificant pressure 
fluctuations in this area. 

It is necessary to devote more careful attention to 
the study in the zone of shock wave with almost 
constant image intensity and which is closest to the 
model, because here, the regularity is involved to a 
greater extent in the width of the shock wave S. 
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5. Conclusion 
 
1. The analysis of video frames of the interaction of 

shock waves using the method of digital image 
processing by the parameter image intensity is 
conducted. 

2. It is shown that, according to the dynamics of 
changes in image intensity, it is possible to 
conduct at least a qualitative analysis of pressure 
changes along the shock wave. 

3. The methods for determining the parameters of 
the transition point of the parabolic component of 
the shock wave with its linear component, the 
Mach line, are proposed. 

4. The zones of compression shock are determined, 
where the image intensity, and accordingly, the 
pressure remains constant or tends to decrease. 
This makes it possible to more accurately predict 
the pressure distribution on the housing of solids 
and calculate the aerodynamic momentary 
characteristics. 

5. The law of change in the difference in image 
intensity L determines the “strength” of the 
shock wave and allows comparing the different 
parts of the gas flow. 

6. The analysis of the flow near two solids of 
revolution in a supersonic flow by digital image 
processing allows continuing the study for 
similar problems of gas dynamics. 
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