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GEORGIY IVANOVICH PETROV

(for his 60th birthday)

On May 31, 1972, the emmlnent Soviet Mechanical Sclentist
Georgily Ivanovich Petrov celebrated his 60th birthday and 37
years of scientific, educational and social activity.

In the years of hils youth, Georgly Ivanovich intimately en-
twined his scientific interests with the work of the Progressive
Soviet School of Aerodynamics, which was headed at that time by
academician Sergey Alekseyevich Chaplygin. In 1934, a year be-
fore graduating from the Mechanical-Mathematical Department of
Moscow State University, Georgly Ivanovich began to work at TsAGI.
His basic works of this period were devoted to guestions of the
propagation of vibrations in a viscous fluld and the theory of
hydrodynamic stability.

During the years of World War II, Georgly Ivanovich partici-
pated in work, vitally important for our country, in perfecting
aerodynamics and combat characteristics of aircraft.

In 1955, already being a well-known scientist, G. I. Petrov
was chosen head of the Department of Aeromechanics and Gasdynamics
of the Mechanical-Mathematical faculty of Moscow State University.
Since that time, a significant part of Georgly Ivanovich's scientific
and educational activity has taken place within the walls of his
alma mater. In addition to work in the department, G. I. Petrov
is the scientiflc supervisor of the Department of Aeromechanics
of the Institute of Mechanics of Moscow State University, formed
in 1960, and of a number of subunits of the computer center of
Moscow State University.
Georgly Ivanovich was among the first scientists who collec-
tively and worthily evaluated the role of computer technology in
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the development of science, and specifically, in theoretical and
applied mechanics. Already many years ago, a seminar led by him L
was at work at the computer center at Moscow State University.

The trends assoclated with the use of numerical methods in differ-
ent branches of mechanics are being successfully developed in the
works of his students, who are chiefly graduates of the Department
of Aeromechanics and Gasdynamics of Moscow State University.

Many young, or already not so young, students of Georgly
Ivanovich consider the scientific research seminar which functions
4 within the Institute of Mechanics to be a brilliant school of
development. The variety of themes of reports given at the seminar
reflects the breadth of sclentific interests of Georgly Ivanovich -
1 from the flight mechanics of insects and aerodynamically low
velocities to the hydrodynamics of processes that occur on the sun
and the machanics of formatlion of lunar craters. Unchanging good-
willl, a burning interest in anything new, no matter how small a
result with respect to the semlnar leader, serves as good payment
for the risk for each young person who sets out on the thorny path
of sclentific investigations.

The collective of the Institute of Mechanlcs of Moscow State
University congratulates Georgly Ivanovich from the heart and
wishes him strong health and new, great creative successes in his
scientific, educational, and soclal activity for the good of ocur
great motherland.
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FOREWORD

This publication of scientifilc transactions is the second
edition of a collection of articles on the aerodynamics of high
velocities. 1In this edition, the results of investigations of
a number of two-dimensional and three-dimensional problems of
exterior aerodynamics are presented, as are the results of cer-
tain problems associated with the stability and the excitation
of self-excited vibrations in gas flows.

The first four articles examine axisymmetrical, supersonic
streamlining of bodies by a nonviscous, perfect, and real gas.
The article by M. G. Lebedev, L. V. Pchelkina and K. G. Savinov
presents the results of extensive calculations made by the method
of establishing supersonic streamlining of bodles of different
shape. The next article presents a differential system of a high
order of accuracy developed by V. V. Yeremin and Yu. M. Lipnitskly.
This system makes 1t possible to use the establishment method to
calculate complex two-dimensional flows without the explicit
separation not only of shock waves, but also tangential discon-
tinulties, and examples of such calculations are given for the
first time. The work of Ye. G. Shapiro is devoted to the system-
atlec investigation of supersonic streamlining of a body by a gas
with a high static temperature; the basic flow characteristics are
presented in the form of universal relationships with certain
parameters; the possibility of describing an equilibrium gas flow
in the examined case with the aild of the effective adiabatlc ex-
ponent 1is shown. V. P. Stulov's article evaluates the applicabll-
ity of the law of binary similitude during streamlining of bodies
and obtains a boundary equation of the region of change in parame-
ters p_ , RO, where this law is valid.

V. N. Mirskiy's work describes the algorithm of calculating
conditions on the incident and reflected shock waves 1in an equili-
brium gas of random composition. The work gives an example of
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calculation for a mixture of HZO + Ar.

o

The next two articles are devoted to investigating super-
sonic, three-dimensional streamlining of blunt bodies. The
article by Yu. M. Lipnitskly, Yu. A. Mikhaylov and K. G. Savinov
describes the differential system of calculating spatial, super-
sonic streamlining of blunt bodies with the presence of angles of
attack and sideslip; the results of investigating streamlining of
triaxial ellipsolds are given. The work of A. K. Burdel'nyy,

V. B. Minostsev and V. P. Shkadova examines nonequilibrium, super-
sonic, spatial streamlining of segmentally conical bodles.

-y
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The articles by G. N. Andreyev and V. G. Gromov are devoted
to. supersonic streamlining of bodies by a viscous gas. The first
: of these gives a detailed investigation of a three-dimensional
rj boundary layer on the flow line of segmentally conical bodies and
f spherically blunted cones. Finally, attention is given to study-
! ing the effect of the character of pressure distribution on the
appearance of separatlion. In the second article, a solution to
the Navier-Stokes equations in the vicinity of the critical line
is glven for a case of supersonic streamlining of a sphere by car-
Bon dioxlde gas. The results of calculations for a broad range
of Reynolds numbers are given.

The article by M..G. Lebedev and G. F. Télenin 1s devoted to
an investigation, suggested by the authors in the first collection,
of the mechanlism of excitation of self-excited vibrations of super-
sonlc streams. The problem 1s solved in the complete statement
for plane and axisymmetrical streams. A comparison is made with
experimental data. The article by S. Ya. Gertsenshteyn and A. V.
Kashko cltes an investigatlion of the stabllity of an axisymmetrical
wake in a supersonic flow. The problem 1is solved within the frame-
work of an ideal fluld.
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I. FLOWS OF AN IDEAL GAS

SOLVING PROBLEMS OF GASDYNAMICS BY THE ESTABLISHMENT
METHOD

M. G. Lebedev, L. V. Pchelkina, K. G. Savinov

Beginning in 1966, M. G. Lebedev and K. G. Savinov, at the

Institute of Mechanics of Moscow State University, and Yu. N.
D'yakonov (deceased), and L. V. Pchelkina, at the Computer Center
of Moscow State University, conducted numerical investigations of
various gas flows by the establishment method [3]. The obtained
results have been partly reflected in the works of authors [5-12].
In this article, a survey of the basic obtalned results of both
gasdynamic and methodological characters 1s given. In this case,
a great deal of attention is given to earlier unpublished results.

1. About the establishment method

In 1961, K. I. Babenko and G. P; Voskresenskly suggested a
finite- difference method of calculating supersonic, spatial,
steady state gas flows [1]. A monograph [2] contains a detailled
presentation and the foundation of the method. The method has
been extensively used for calculating the supersonic, spatial
streamlining of sharp and blunt cones and bodles of certain other

shapes. The results of the conducted investigations are in works
[1-47.

One should take note of the important role which the works
of Yu. N. D'yakonov [5,6] played in the development of this method.
The methodological investigations carried out by Yu. N. D'yakonov
made it possible to make a number of important improvements in the
method [1] and to apply 1t to solving a number of gasdynamic prob-
lems for which this method was unsuited in 1its initial form

5
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(5-7, 13-151.

The experience of making calculatlons by the finite-difference
method [1] makes 1t possible to obtain numerical solutions with
high accuracy to various complex problems of gasdynamics, without
at the same time making extreme demands on the speed and memory
of the computer used for making the calculations.

In 1964, V. V. Rusanov [3, 21] suggested a modification of a
method [1] applicable to solving two-dimensional, unsteady equa-
tions of gasdynamics. Inasmuch as particular attention attaches
to steady state solutions which can be obtained from unsteady
equations when t -+ «» and from boundary conditions of the problem
which do not change in time, the method [3], like other methods
of the solution to unsteady problems, 1s frequently called the
establishment method.

The establishment method examined by the authors was presented
in detail in [3,4,6]; but inasmuch as we intend to dwell on certain
results of a methodological character in thils article, 1t seems
useful to briefly describe the course of solving the gasdynamic
equatlons by this method. We shall do this based on the example
of a problem of flow arund a blunt body.

Let (Fig. 1) a blunt rotational body
be flowed past by a supersonlic gas flow
running along the body axis of symmetry.
Let the equatlon of contour of the body
in the polar coordinate system in the
meridional plane be :-6¢0.t) (we assume
that the body contour can change in time
according to a certain assigned law), and let «r.r(e.t) be the equa-

*
. We note that there are also other modifications of the examined

method today (for example, see the article by Yu. M. Lignitskiy,
Yu. Ya. Mikhaylov and K. G. Savinov, in this collection).




tion of the regressed shock wave. We shall insert the coordinate
€ with the relationship:

.t G(e.t)
F(0,t)-6(8¢) (1.1)

such that £ = 0 on the body surface, and £ = 1 on the shock wave.
The gasdynamic equations for a perfect gas and the variables ¢t,
€, 8 can be written in the form:

& L X

it AE B9l n0 (1.2)
where

“ P /4 4,;0" 0

’ 0 a e’ ."' 0
X = R Ae- »

4,” v, rp @ g

¢ be £ 0 ‘

» 0 o0 0 -pt

0o » ¢ o up
ot

o p ®» o Pluevclgq)

o p 0 » p (2« Ovtt;ﬂ)

u, v -~ velocity components in the direction r.8,, -
pressure, P -- density,y -- adlabatlic exponent

.-“"'UOI.".' . 4'.(;.5)" ,

i _-n/at *+ §(3F/at -36/ae ) 36/26 + 4(36/28 - 26/20)
¢ F-6 ' 6.. - F-6

The precise solution to problems of the mathematical state-
ment of the problem of steady state flow past a blunt body with
a regressed shock wave, 1.e., questions of the existence, singular-
ity and continuous relationship with the boundary conditions, poses
great difficulties because of the nonlinearity of the gasdynamic
equations. Model problems which conserve the basic aspects of the
studied problem are usually used for the qualitative examination
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of questions of uniqueness and the continuous relationship with

the boundary conditions. One can use plane, potential transonic
currents, described in the plane of a hodograph by an equation

of the Tricomi type (Chaplygin equation), as well as certain linear
equations in the vertical plane of such models [18,4].

Let characteristics of the second and first families, which
intersect at a point ¢ (Fig. 1), correspondingly be drawn from
points A of a shock wave and B of the contour of a body in which
a flow 1s supersonlic. Then the relationshivs in the region of the
shock wave AD, the boundary conditlon on the part of the contour
BE, and the conditions of symmetry on the part of the axis DE will
uniquely determine the steady state solution to the system of gas-
dynamic equations in the region of the shock layer DACBE and en-
sure a continuous relationship with the boundary conditions. For
the existence of solutions with limited derivatives of the gas-
dynamic parameters, it 1s sufficient that the body contour not
have breaks in the subsonic flow region, and that the distribution
of parameters of the advancing flow and the body contour in the
supersonic flow region ensure the absence of boundary lines. It
should be noted that the appearance of singularities with infinite
derivatives in the isolated points on the sonic line does not disrupt
the uniqueness of the problem (for example, when the sonic line
leaves the point of inflection on the surface of the body or when
the body 1s streamlined by a stream of sufficiently small cross
section).

We finally note that positions closest to the axis of all the
possible positions of points A and B (Fig. 1) are determined from
the condition such that the characteristics AC and BC whilch originate
from these points limit the minimum region of effect of the super-
sonlc region of effect on the subsonic region.

We shall now assume that the vector x and the position F of
the shock wave has been totally assigned at a moment of time t = 0

[
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in a region of the shock layer os«ze«1,0se0¢e.. Then, in order to
determine the gas parameters in this region when t > 0, 1t is
necessary to solve a mixed Cauchy problem for system (2) with ini-
tial data when t = 0 and boundary conditions on the contour of the
body, the shock wave, and the axis of symmetry. In order that the
unsteady problem be correctly stated, it 1s necessary to draw a
boundary ray 8 = ek such that the velocity component v normal tg
the ray exceeds the local velocity of sound ¢ everywhere on it.

We insert a grid with nodes
> 0,068 o1, Otﬁsﬁ.

in the investigated region (t%&..%).

We designate (Fig. 2) &
tol(d Lelnothpad
. e
et oal 4 o4 ta§
3(-0’.'650'e.-0.-t.-0. Fig. 2

4."'og,al'
f(".‘m -o!)./:,l ’
e l.0,2,...; med, i, .M,

le0,t,... L

We replace derivatives in the points (a.vz,6me2,2) with the
difference relationships according to the following formulas:

°f .

(:_:-).“ ¢ z.t( L2314 xnolf x:; - x:v.f )- (1 . 33)
m“""" w'"novn e’ ‘:nn.z-:);
(% ) gt e X)) (1.3b)

»
Here, too, we note that, as the experience of calculations shows,
in certain cases one can obtain a numerical solution to the problem
without significant errors, and without satisfying the conditions-

v >¢, when 6= 8, , and even without drawing the boundary ray into
the region of sﬁpersonic veloecities. It is usually sufficlent for
this purpose that velocity on the boundary ray be a magnitude of
precisely the same order as the speed of sound. Certalnly, the
question of the permissibility of drawing the boundary ray 1in the
subsonic region requires an examination in each specific case. One
of such cases 1s presented in Sec. 5.

9
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X 1 r o, met v n -
o - B - X - . -
Cd).....:.: Jddl‘< hed (ALY “"'”.F') "(XM'W.!N xnaﬂ,(-l) . (l . 3C)

The value of X in the point (-.w.».v2,¢) 1s defined as the
mean arithmetical value of X in the four nearby nodes

netf2 tet .
(X)'""" : -;—L'/an/z,! ’ xnu/z,{ ] : (1 . 3d)
In formulas (1.3)
ﬁ xwol,‘t'( ' é (xn-l_[ " x.-."[ ) .

The parameters of the difference system a, 3 satisfy condition

«»0,8>¢. «-s-r .+ in most of the calculations that were made,
1t was assumed that = =032, #-0.8.

In certain cases, it proves that one cannot obtain a numerical
viscosity.

By substituting (1.3) and (1.2) for the point (x"".&an %)
we proceed to the system of  difference equations:

aetfd not nelft not “neifs (l.&)
ez, ¢ "ment "ml/l.lxn,l * meift, b ’

where

aebe2ut,A | bef-2mt, A |

coe2ull ofE -2pt, A)X | o(E o288, AKX - (1.5)

met

nel

net ” ”
.'l ’[‘ (xhl xl-l )"‘(xhv ) xl-r )‘

] L] L)
eac, (X, -2X, ¢ X, )

Ry FROMI

The second term in (1.3a) is artificial viscosity of the dif-
ference system; the coefficient of artificial viscosity 1is s.0.

solution to the problem (see Sec. 4) without inserting artificial




at at
tesr +%*3W , E —-— unit matrix.

During the subsequent presentation, as in (1.5), the obvious indices
shall be omitted.

Thus, the boundary value problem for the system (1.2) pertains
to a boundary value problem for the system of difference equa-
tions (1.4) with tnitial data when t = 0 and boundary conditions
on the surface of the body and the shock wave.

It is evident from the structure of the system (1.3) that it
is situated on (L + 1) independent subsystems. In this connection,
it is sufficlent to examine the solution to difference equatlons
on the ray 6 = const. Inasmuch as the coefficients of the equation
depend upon values of the functions for "n" and "n+l" layers, in
the process of solution one uses a method of iteration according
to the following scheme: At the first iteration, during the de-
termination of matrix elements a, b and column ¢, the values of
all parameters are assumed to equal thelr wvalues at the previous

n+il

step. The obtalned vector X is used for the subsequent itera-

tion, etec.

The trial and error method is employed for solving the system
of «difference equations of each ray. In addition to (1.4), we
shall examine the system

" ' (1.6)

which 1s obtained from (1.2) by means of discarding the last equa-
tton, and x-!¢.?.?' (the stroke signifies transposition). The
boundary condition on the body surface is presented in the form

aer = ol nel

J‘o x. .’0 . (,1.7)
where

-n
w6 e (a0ja0)"] (6, -96/o0 0]

’:°'.[o'.(ao/,of}."6‘(J0/4t) .

11




One can obtain the recurrent formulas for calculating M
and ga(m-%2,...M) in the following relationship, with the aid of
(1.6) and (1.7):

»e

PR

Fm

(1.72)
These formulas have the form

'.(‘..'E)ﬂ'" #.{i.":ﬂ"ﬁ."‘ (l ¢ 7b)

Foau .l}.("'i),..w‘ LR Jna(8'a )...,/./

The conditions of conservation on the shock wave (for
t o™ a8, ) can be written in the form:

vV eV
*

CTon

r(v' -N, © ’- (VO- - N,

3
i
4
1
PO AS R TETR T Bk NS (33 T T SO i) TP SR A e MAJ

4 'f(v'.”)v’.PQ‘r-(vho-”)V'-
(1.8)

vy, T 1
,(v'.n)-z-' 0,—:,-;!/'-—’_, PN o :
\

A N B N eyt 1 e

- r.(V'_-N)!f:'-' ';_r—, P-V‘---r'_—' Pal
Here the indices «#+r ;2 are omitted everywhere; values with the
index "o" are determined by conditions in the free-stream flow
and are considered known. ~.V.V¢ - respectively, velocity of
the shock wave and the components of gas velocity that are normal
and tangential to the shock wave; they are determined through the
position of the shock wave and the veloclty components u, v accord-
ing to the formulas:

’

n-(r'—r,')""rr.
(1.9)

t g
V- (f OF.) /uf-rf.) .

V' -(F'Of:)"n(uf'opf)
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If the values F, Fe are considered to be known according
to the previous iteration in equations (1.8), then (1.8) is a

system of four equations relative to five unknowns “.®,p.p F
The trlal and error relationship
AuXa®dn (1.10)

when m = M closes the system of equations on the shock wave.

One can solve the system (1.8), (1.10), for example, by the
Newton method. Having thereby determined the vector X;+l, one
can successively find Xg+l form=M~-1, M-2,....0, 1.e.,
carry out an inverse trial and error run. For this purpose, one
should use the system consisting of four equations obtained by
means of a linear combination (1.4), (1.7 a). As a rule, a sy-
stem consisting of the first, second ani fburth equations of (1.4)

and the trial and error relationship (1.7 a) was used.

Finally, the new position of the shock wave can be calculated

according to the formula:

net » .t " 224
£" e 07(f‘ *F, ) . (1.11)

Moving from layer to layer and determining the gas parameters
for £=0d,.s0 L for each of them, we find the vector X in the en-~
tire region of interest to us t>0, 0¢8s! , 068458,

The conditlions of stability of the trial and error method
impose limitatlons on the use of the method in the described form.
One can derive the conditions of stablility of the trial and error
methoéd and the estahlishment method similar to the way this was
done in [2]. They have the form:

g 8, PN (1.12)

d,e8,uer"}
W «0 >0 . (.1.13)
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Conditions (1.12) and (1.13) can be rewritten in a form which
makes the kinematic meaning explicit. 1If Vvsis the gas velocity
component normal to the line § = const (equation 1.1)), and NE

is the rate of displacement of this line, then we have the follow-
ing from (1.12) and (1.13):

Ve < ¥ (1.12a)

Vi 2 - € (1.13a)

In the case of a steady state flow Ng = 0; then it follows
from (1.12a) that angle w between the flow line and the line £ =
const should be positive, as in Fig. 3a; 1t follows from (1.13a)
that the normal velocity va in thils case should be less than the
speed of sound with respect to its absolute value.

[
@ / @ @ /
3 2
Flg. 3
O -1ine £ = 0, 1 - 1line § = 1, 2 - intermediate line
g = const, 3 - flow line

The condition of stability (1.13 a) was always satisfied for
all of the flows we calculated. With respect to condition (1.12a),
+ in a number of cases it was violated. For example, in the

case of flow past blunt bodies, 1t follows from (1.1) that the
line & = const, drawn near the contour of the streamlined body,
will trace the form of the latter; this cannot be stated about the
flow line drawn near the contour, if the shape of the contour is
insufficiently smooth. 1In these cases, condition (1.12a) will be
violated; in the steady state flow in this case, there will be

w < 0 at certain points, as in Fig. 3b,c.




T e A et A A ARSI 5SS 11 < .- it e il Mot it i 5 ol et

The situation depicted in Fig. 3b existed when making the
calculations described in Secs. 2 and 4. However, it proved
that if condition (1.12a) is violated in a small number of grid
nodes, then this does not have an effect on the convergence of
the process of establishment and the accuracy of numerical solu-
tions. However, in those cases when nonsatisfaction of condition
(1.13) leads to the impossibility of obtaining a solution, one
can use the system with recalculation developed in [S] or the
system of two directions, which ensure stability of the inverse

trial and error method.

The described algorithm of the numerical solution to gas-
dynamic equations was programmed on the computer. The program,
devised at the Institute of Mechanics (subsequently, the IM pro-
gram) was written for a differential grid with 11 x 21 points
(11 in the & direction, 21 in the 6 direction); the program
written at the Computer Center (subsequently, the VTs program)
was wriltten for a grid with ¢ x 17 points. The algoritims realized
by the IM and VTs programs differ from each other in certain de-
talls as well as from that described above. For example, the VTs
program selected values ~ > and :.--». as dependent variables
In the gasdynamic equations, while the IM program directly used
p and p. The singularity of the equations of gasdynamlcs on the
axls of symmetry was revealed differently; derivatives according
to 6 on the boundary ray 6 = ek’ etc., were approximated accord-
ing to different nonsymmetrical schemes.

We note that the VTs program made it possible to calculate
the gas flow with the presence of equilibrium physico-chemical
transformations, while the IM program was only developed for cal-
culating flows of a perfect gas.

A check of the satisfaction of certain finite relationships
wh;ch identically follow from the system of gasdynamlic equations
was provided for controlling accuracy of the obtalned numerical
solutions in the written programs. But these finite relationships
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do not follow from the approximating system of difference equa-
tions, namely the Bernoulll equation, conditions of constancy of
the entropy function ¢.>°» along the streamline (specifically,
along the streamlined surface), as well as conditions of flow con-
servation in the investigated region of the shock layer. The accu-
racy of the numerical solution to the specifilc problems we have
examined will be stated in the appropriate sections.

Section 2. Flow past a sphere and cylinder with
a flat leading part

The calculations of flow past a sphere were made with M, num-
bers of the free-stream flow 2 ¢"w¢~ | The numerical solutions
for the sphere are distingulshed by high accuracy. For example,
when M/ = 4 in a point of the outer ray lying on the surface of
the body tf -, ¢, 77, , the Bernoulli equation 1s satisfied with
an accuracy of a5+ wi, , and the condition of entropy constancy
is satisfied with an accuracy of s'-vvxs (with calculations made
according to the IM program). One notes good correspondence of
the obtained results with the data of other numerical methods,
specifically, G. F. Telenin [18].

One should, however, make one remark on the subject of compar-
ing the numerical solutions obtalned by the two methods with small
M,. The results of calculations of flow past a sphere when M,< 2
made by the G. F. Telenin method were presented in T16]1. It was
concluded on the bhasis of analyzing the numerical data when M, =
1.2 in [16] that the angle & between the shock wave and the sonic
line 1s approximately 900, and that, consequently, when M, € 1.2
the characteristic bounding the minimum region of effect in the
shock layer proceeds from the sonic point on the shock wave. The
positions of the sonic points in the vicinity of the shock wave
when My, = 1.2, calculated by the establishment method, coincide

with the corresponding positions in the calculation made according

to the G. F. Telenin method with an accuracy of several percentages.
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However, differences in the size of the angled proved to be
greater, inasmuch as the latter 1s obtalned during numerical dif-
ferentiation of equations of the sonic line and the shock wave.

One obtains § <90O in the calculation made by the establishment
method. We note that V. V. Rusanov recently demonstrated analytic-
ally that during the axisymmetrical flow past bodies when M_> 1,
angle § 1s always less than 90° (with certain entirely natural
assumptions made about the shape of the regressed shock wave).

It should be noted that differences in the results of cal-
culating flow past a sphere when M_ = 1.2 by the two methods exist
only in a small region of the shock layer near the shock wave and
at a great distance from the axis. Outside this region, when
M, = 1.2, as well as throughout the entire shock layer when M_> 1.2,
the numerical solutions obtained by the establishment and G. F.
Telenin methods coincide with good accuracy.

Detailed information is given in [6] about the results of
calculations of flow past a sphere by equllibrium air when 2+ M_«<o0,
made by the establishment method. We note here that the equilibrium
phyéico-chemical transformations have a weak effect on the distribu-
tion of pressure in the shock layer, in comparison with the case of
the perfect gas. A different picture 1s observed with respect to
the other gasdynamic values, primarily density. With hypersonic
velocities in the free-stream flow, the magnitude of density in the
shock layer can be more than two times greater than the correspond-
ing density value during flow by a perfect gas. The equilill-
brium dissociation and ionization have an effect as well on the
qualitative picture of density distribution in the shock layer.
Thus, when a perfect gas with_M°° = ®» Plows past bodles, density
P directly behind the shock wave 1s constant and is .71/ 1" fPa
The distributions of density through the shock wave during the flow
of equilibrium air around a sphere depending on the angle@ with
hypersonlc M_ are plotted in Fig. 4, The characteristic points of
these curves (the extremum, the inflection) correspond to the cessa-

tion or initiation of any particular equilibrium processes with the
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change in temperature and pressure behind the shock wave (both of
these values diminish monotonically with the increase in angle 8).
Thus, the inflection polnts on curves for M, = 20 and 2% correspond
to conditions under which atmospheric oxygen is practically totally
dissociated, and the dissociation of nitrogen has still not started.
The maximum point on the curve for M, = 60 when 8 ~ 90° corresponds
to conditions under which both oxygen and nitrogen are totally
dissoclated, but the ionization of the atoms has still not begun;
the other extremums on this curve are due to the occurrence of
ionization of nitrogen and oxygen atoms.

We note that the calculations of flow past a sphere, whose re-
sults are given in Fig. 4, were made by the establishment method
according to the VTs program up to 8 = 660, while the purely super-
sonic flow when 6 > 66° was calculated by the method of grids [1].

7

Calculations of flow around cylinders £ A /
were made according to the IM program ¢ ,/
(11 x 21 points) with ratios R/d = 0.4, \\
0.3, 0.2 and 0.1 (R - rounding radius, 4 -

one-half the middle dlameter). The geo- ™

metrical picture of their flow when M _ = p 4\\

3 1is shown in Flg. 5. The pole of the
polar coordinate system (r, 68) was located , e \ﬁ_jl
a distance d from the critical point. When e 4

R/d = 0.2 and the position of the outer ray Flg. &

8 = 0.835 at a point on the surface of the

body £= 0, 6 = ek, the accuracy of satisfying the Bernoulll integral
1s «8=~1%and the conditions of entropy constancy a3+~2% . 1In this
case, the normal velocity component v to the ray 1s greater than

the local speed of sound c¢ throughout the entire shock layer on

the ray 6 = qk' Calculation was also made with the outer ray pass-
ing through a point ¢ of conjugation of rounding with the cylin-

der (8, = 0.8955). 1In this calculation, when «eu%

However, 1n thils case, pressure on the body surface is calculated
sufficiently accurately, while the high magnitude of errors a2+ 2%

with a flat leading part and circular edges

Va4
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and «3 1is chiefly due to inaccuracy in deter- ot
mining density and velocity. This is con- [ ™
firmed by comparison with the calculation of / »
supersonle flow on the curve made by the f f
method [1], which was made by V. I. Uskov ? L »
from our initial data when 8 = 0.835. ; P

|
When R/d = 0.1, the accuracy of solution &’

in a point £ =0, 8 = ek is not high: when
ek = 0.8125 a8 «2W*? =7%, yhen ek = 0.8313
(the outer ray passes through c), *#=10% 27=3%  ye note that
even when ek = 0.8313 in certain points on the ray 8 = Bk compris-
ing velocities v<c¢. One can obviously obtain a solution with

v >c¢c when 6 = Gk with significantly higher accuracy by shifting
the poles of the coordinate system closer to the critical point
and by drawing the outer ray through the point on the body where
velocity slightly exceeds sonic velocity (we note that with small
R/d, the sonic point on the body is very close to point B of con-

Jugation of the flat leading part with the rounding).

Fig. 5

We also note that the accuracy of the numerical solution in
the point & = 0, 6 = ek is the worst; outside its small vicinity
(a radius on the order of 2-3 steps of the differential grid),
error «6 was no more than 1% in all calculated variations.

% ,
The distributions of pressure p re- | ~ |
lated to pressure in the critical point Pq» :ﬂ/
along the surface of the examined bodies, - e
are plotted in Fig. 6 depending on the i
ordinate y. The distributlon p/p, along %'_3
the surface of the cylinder with a flat 7 Fit ¢

leading part and a point of inflection
(R/d = 0) calculated by the G. F. Telenin method with the identi-
fication of a singularity In the point of inflectlon with the ald
of the asymptotic solution [22] is also given here. The points

in Fig. 6 plot Yu. Ya. Karpeyskiy's experimental data, which
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coincide well with the calculation re-

sults.

We note that such wvalues that

characterize the flow as a whole as

the regression of the shock wave on
the axis of symmetry, the velocity
gradient in the critical point, and
certain others change with the change

Pae, 7

in the rounding radius from R/d =1 1.R =1 (coepal=1,
(sphere) to R/d = 0 (disc) approxi- Siies Ma= 3
mately linearly. At precisely the 2 =0l LY

S. & = O (reuenne ﬂp?uml-
same time, the local flow properties Maiepa
on the rounded edge can change ex- Fig. 7 |

1 - sphere; 2 - Prandtl-

1-
~remely sharply, particularly with Meyer flow,

small R/d. Figure 7 plots the p/pO dis-
tributions along the rounded surface of various radii depending |
on the angle of turn v of the flow on the rounded edge (v = 0 in i
the sonic point). When R/d = Q in the inflection point (more
accurately, in its infinitely small vicinity), a Prandtl-Mayer
flow takes place which begins with M = 1 [22]. As 1s evident from
the data of Fig. 7, the supersonic flow on the surface of a sphere
(R/@ = 1) 1s similar to a Prandtl-Meyer flow. However, with a de-
crease in the size of rounding, the difference between flow on the
rounded edge and Prandtl-Mayer flow increases, and only with R/d4d
Q.2 does flow on the rounded edge begin to tend toward the limiting
case.

In conclusion, we shall 1llustrate the effect of the M, number on
flow around a cylinder with a flat leading part when R/d = 0.2
(Fig. 8).

Section 3. PFlow around blunt bodies

Most of the data avallable in the literature on flow around
blunt bodies relates to geometrical shapes in which curvature
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of the surface 1s either constant (a sphere) @

or increases with dista