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ABSTRACT

The approximate method for the account of compressi-
bility, which was successfully applied earlier for 2-D prob-
lems, is developed for axisymmetric case in the present
work. The offered method is analyzed with reference to two
mediums: air and water. Comparison of the results of calcu-
lations on an offered method and a method of Dorodnitsyn
integrate relations has shown acceptable accuracy of the
proposed method for engineering calculations. The method
allows determining parameters of compressible flow through
the parameters of incompressible flow up to the velocity
corresponding to critical Mach number. The method of the
account of compressibility of a flow does not depend on
mathematical model of calculation of incompressible flow.

Calculations have shown that for the same body the
value of critical Mach number in water is less, than in air.
The effect of compressibility is shown in water more
strongly and at smaller values of Mach numbers of the flow
infinity, than in air.

INTRODUCTION

Modern development of hydrodynamics is characterized
by achievement big subsonic and even transonic and super-
sonic speeds of movement of bodies in water [1, 2, 3]. Such
big speeds until recently were inherent only for the bodies
moving in air. The higher the Mach number of the free
stream and the level of disturbances produced by the body at
low Mach numbers, the stronger the effects of compressibil-
ity of the flow. The compressibility at movement of bodies
becomes actual for such medium as water, which earlier tra-
ditionally was considered incompressible. As it is known,
movement of bodies in water may occur both at advanced
cavitation mode (supercavitation), and at a mode of continu-
ous flow. The knowledge of critical value of Mach number
at which somewhere on a surface of a body local speed of
flow reaches local speed of a sound, will allow making a
correct choice of the governing equations of hydrodynamics
for movement of a body with the high speed.

As it is known, at the transition of speed of sound the
equations change one’s own type from elliptic at subsonic
speeds to hyperbolic at supersonic. Value of critical Mach
number may serve as the upper boundary of application of
the equations of elliptic type.

The approximate method for the account of compressi-
bility, which was successfully applied earlier for 2-D prob-
lems [5] is developed for axisymmetric case in the present
work. The offered method is analyzed with reference to two
mediums: air and water.

Methods of the account of compressibility in two-
dimensional flows enough well are developed [6-10]. The
wide application was obtained by a method based on a
model of Chaplygin gas [10]. The drawback of this method
is the necessity to search for velocity potential and stream

function of a flow, which should satisfy the linear equations
of gas dynamics in a plane of a hodograph of velocity. These
equations have received the name of Chaplygin equations.
Usually the theory of function of complex variable is applied
to the solution of Chaplygin equations. The solution of these
equations in a case of adiabatic flows is connected to the big
difficulties, as it is not always possible to formulate bound-
ary conditions in a plane of hodograph of velocity. However,
in case of barotropic gas model it is possible to consider the
approximate model, which has received the name
“Chaplygin gas model”. The solution of a problem for
Chaplygin gas model is carried out by method of successive
approximations. For zero approximation, the functions satis-
fying an incompressible liquid are accepted. Chaplygin
method has obtained development in S. A. Khristianovich's
works [11].

Analytical solution to the problem of a compressible gas
flow around a single circle was obtained by A. I. Nekrasov
[12] based on Legendre transformations method. For an el-
liptic contour, such problem with Legendre transformations
method was considered by L. K. Kudriashov [13] and with a
method of decomposition of velocity potential in a series in

terms of powers of M2 — by C. Kaplan [14]. S. A. Khris-

tianovich, I. M. Yuriev [15] and L. I. Sedov [7] obtained
solutions for ellipses by methods of hodograph of velocity.
The drawback of these methods is that there is a deformation
of a streamline contour, so the obtained solutions describe
flows around some ovals instead of initial ellipses. The
method of approximation of an adiabatic for the solution of a
problem of a flow around a circle and an ellipse has been
developed and applied by G. A. Dombrovski [9]. Numerical
solutions based on a method of Dorodnitsyn integrate rela-
tions with the account of compressibility for two-
dimensional flows around single circular and elliptic con-
tours, and airfoils were obtained in works of P. I. Chushkin
[16, 17], R. Melnic and D. C. Ives [18], M. Holt and B.
Meson [19].

The review of the methods which are taking into account
compressibility in two-dimensional flows is contained in
works of H. W. Liepmann and A. E. Puckett [6], Shih-1 Pai
[8], G. A. Dombrovski [9] and L. I. Sedov [7], but basically
these methods were directed on solutions of problems of
compressible gas flow around the thin bodies such as air-
foils. If the body is bluff, the disturbances from it at the high
Mach numbers will be significant, therefore all methods us-
ing the assumption about a little relative thickness can’t be
applied. Chaplygin method is based on application of a the-
ory of complex variable function, which remains the tool for
the solution of two-dimensional problems only.

The problem of axisymmetric compressible flows of lig-
uid around spheroids was considered. These bodies were
chosen because there are exact analytical solutions to a ve-



locity potential of incompressible flow around such bodies
[5, 29]. Many results were got for a sphere. Kaplan [14] has

obtained for a sphere an approximation with accuracy M}

that has allowed him to define the value of critical Mach
number M, =0,573. Schmieden (1942) (see work [16]),

using Rayleigh-Janzen method, has calculated the approxi-
mate solution only for thick spheroids (5 > 0,8). Hida [21]

based on Poggi method with approximation with accuracy
M’ has obtained the solution also only for thick spheroids.

For axisymmetric case of compressible flow Chushkin [16,
17] has applied a method of Dorodnitsyn integrate relations
using elliptic coordinates, for ellipsoids of revolution.

In the listed works as medium air was considered. For
water, the account of compressibility for cavitation flows
was considered by Vasin [22, 23], Zigangareeva and Kiselev
[24, 25], Serebryakov [1], and for a gliding — by Mayboroda
[30].

In the present work the approximate method for the ac-
count of compressibility, which can be applied both for
cavitation flows, and for continuous flow, is offered. It is
based on the potential model of the flow, which is frequently
used for problems of cavitation and continuous flow. The
proposed method for the account of compressibility of a
flow is based on Burago method [26], which was developed
and applied originally by author for airfoils. Burago method
was described also in monograph by Arjanikov and Maltsev
[27]. This method does not impose any restrictions on thick-
ness of a body, it is fast and, as it have been shown by cal-
culations for two-dimensional problems [4], it is nearly as
accurate as Khristianovich method [11, 15].

In the present work, applicability of Burago method for
the account of compressibility of flows around the axisym-
metric bodies moving both in air and in water is analyzed.
As the method is approximate, much attention we must give
the matter approbation of this method. Problems of continu-
ous flow around ellipses (two-dimensional case) and ellip-
soids of revolution (axisymmetric case) are chosen as test
cases.

NOMENCLATURE
a = speed of sound [see formula (16)];
B = constant value in Tait’s equation of state of
the water [see formula (6)];
¢, = % — pressure-drop coefficient;
PLUL T2
h = enthalpy;
M = Mach number;
M. = critical Mach number;
n = index of a problem (n =0 orn =1);
p = pressure;
P(p) = pressure function [see formula (7)]

=u=u/U, and v =v/U,_ — dimension-

less velocities;
U, = stream velocity;
\% = vector of full local speed of flow;
X, I =cylindrical coordinates;
0 = relative thickness of an ellipse or ellipsoid;
& = error of calculations;
n, = compressibility factor of the flow [see formula

(13)%

K = ratio of specific heats (for air k¥ =1,4 ; for
water x =7,15);

P = local density of medium;

0,7  =special gas-dynamic function [see formula
3
Subscripts

o0 = lower index, specifies parameters of the flow
at infinity;;

0 = lower index, specifies parameters in stagna-

tion point; upper index, specifies parameters for
incompressible flow;
* = lower index, specifies critical parameters.

THE APPROXIMATE MODEL OF THE
COMPRESSIBILITY OF THE FLOW

Let's write down the equations of continuity and exis-
tence of velocity potential for two-dimensional and axisym-
metric incompressible irrotational flow of liquid

o’ pu) 007 pY) _ 1
ox or
ou Ov
———=0, 2
or Ox @

where x, r — cylindrical coordinates; u, v — component of

velocity along axis x u r accordingly;

{0 — 2—Dcase
n=

1 — axisymmetric case

For axisymmetric case, coordinates (x, r) are entered in

meridian plane of flow.
Introduction of the special functions offered Burago [26]

as
, Po 4
r=—°2 o= 3)
Loy o
P p

allows the equation of continuity and condition of existence
of velocity potential of a flow to be written as

0 tur" o tvr"
—( )+ ( ) =0,
ox l+o or l+o (4)
0 tu o, tv
— - =0.
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For barotropic model of compressible liquid we have:
for air [5]
K
P - (pJ & =140 )
P P
for water [28]
p—pw:B(pJ ~1| k=715, (6)
Poo

2
B="P2% 298 MPa,a, =1460m/s, p, =1000 kg/m>
K

The equation (5) refers to as Poisson adiabatic curve, and the



equation (6) — Tait formula. It is considered that pressure in
water does not exceed 2940 MPa. Thus, static and dynamic
adiabatic curves for water practically coincide and are de-
scribed by Tait equation [6].

By virtue of accepted barotropic model of liquid the val-
ues of enthalpy and pressure function differ only on a con-
stant [5]

h =P(p) + const

where pressure function is determined by the formula

P dp
P(p) = j; @)

Po

Substitution of Tait formula in (7) and integration gives the
formula for enthalpy

-1
pK
h=——"—— (8)
(x=1)ps™' M2
Neglecting action of mass forces, and using the equation for
enthalpy (8), it is possible to present the Bernoulli equation
for compressible liquid as
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From (9) it is possible to get relationships between den-
sity and speed of sound and velocity of the flow

p=[l+HMfo(l—u2 —vz)}"’l,
P 2

a:[H’fz—lM;(l_uz-vzﬂ ,

aoo

(10)

N | =

Using stagnation flow parameters, it is possible to write
down known isentropic relations for density and speed of
sound [5]

1
Po _ (1+KT_1M2)K—1’
p 1 (1)
4o _ (1+ x-1 M?)2.
a 2

Formulas (10), (11) are valid both for air and for water.
Thus, speed of sound determined for any medium as

dp
dp

for air in the case adiabatic process it is equal [5]
a= k&, (12)

and for water, using the state equation in the form (6), it is
possible to get

K-l

a= aw(pj ? (13)
Par

Using isentropic relations for density (10) is possible to
calculate function o (3). In Fig.1, plot of function o for air
and water versus Mach number is shown in limits from zero
up to 1,0.
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Fig.1: Dependence of function o from Mach number

From Fig.1 it can be seen, that values of function o lay
in a range [0; 0,22] for air and [0; 0,11] for water for local
Mach number M from 0 up 1,0. This circumstance allows
considering o ~ const , and based on formulas (3), equations
(4) can be replaced by the approximated ones

i(pur +£ pvr ) =0,
X py+p  Or pytp (14)
0, pu ) o, pv

 pytp Or pytp

)=0.
Let's introduce new variables u#’ and v°, connected to
u and v by formulas
u=nu’; v=ny", (15)
where the parameter is introduced

1+ 20

no=—"", (16)
1+ 0

Pos

which will be called “the compressibility factor of the flow”.
Using the new variables (15), equations (154) will lead to

n, 0 n_ 0
o(r'u )+6(r v )
ox or

ou’ o’

or o

:0’

(17)

Equations (17) are the well-known equations describing
the two-dimensional (n = 0) or axisymmetric (1 =1) poten-
tial flow of an incompressible liquid (see equation (1), (2)
for p=const). The velocity V° of this flow has compo-

nents (#°,"). The formulas (15) allow us to prove that the

boundary conditions at infinity (far from the body) for the
flow of compressible gas with components of velocity
(u, v), will be identical with the appropriate boundary con-

ditions for an incompressible flow with components of ve-



locity (u”,v"). Boundary conditions on a surface of the

body will be identical also. Really, on a surface of the body
in the compressible flow v, =0. Based on the equations

(15), (16) on the surface of the body in an incompressible
flow we have
0 P (poo + pO) =0.

v, ="V,

P (Ptp0)

Thus, the equations (15) gives the approximated rela-
tionship between velocities in compressible and incom-
pressible flow around the same body under identical condi-
tions at infinity and on a surface of the body. Let's write the
differential equation for streamlines of two-dimensional or
axisymmetric flow [5]

dx _dr (18)
u v

The substitution in the equation (18) of the compressible
flow velocities, expressed via compressibility factor of the
flow (15), and the velocity of an incompressible flow, en-
ables us to prove, that the form of streamlines in compressi-
ble and incompressible flows will be identical. This circum-
stance is identified as the hypothesis of "stabilization of the
streamlines". To calculate velocities of compressible gas
flow, it is necessary to use the well-known isentropic for-
mulas for the relations of density and relation of local speed
of a flow to the speed of sound at the stagnation point of a
flow

1
T Y L
Poo 2
v u . (19)
o (1+—K2_1M2)

In the last formula (19) the left part can be written as

VI U, a e +v* M+

= (20)
ag ay, a (1+K_1M02c)
2
From (19) and (20) it follows
—2 52
M=M, wory Q1)

1+K7_1Mi(l—ﬁz—\72)

As can be seen from formula (21), the local Mach num-
ber is defined by local dimensionless velocities u u v,
which, according to the formulas (15), (16) and isentropic
formulas for density depend on local Mach number M . To
take this into account, it is necessary to use successive ap-
proximations. At the first stage of approximation, the values
of velocities calculated for incompressible flow are substi-
tuted in (21)

0 0
W= 0 (22)
U

o0 00

Based on these values, the local Mach number M for
the first approximation is defined. The obtained value of

Mach number M is used for calculation of local velocities
of a compressible flow at the second approximation stage

u® u v? from the formula (15), (16) and isentropic for-

mulas for density of liquid (19). The obtained values of ve-
locities allow us to calculate, based on the formula (21), the
local Mach number for the second approximation stage

M@, which is in turn used for calculation of local velocities

at the third approximation stage u, v and so on. The

approximation process needs to be continued until the fol-
lowing inequality will be satisfied

(n) _,ﬁy—l)‘ _

41 2
n! n" - <e.

The calculations based on the described algorithm have
shown, that the number of approximation stages increases
while M — 1,0, but n,,, <30.

Formulas (19) and (20) yield the equality
M Au* +v? M

\/1+HM3; \/1_,_’(_1]\/[2
2 2

from which, considering M =1 and M = M, it is possible

to obtain the formula for calculation of critical Mach number
as

M, = ! (23)

— — k=1 5 _
ul+vi+ > +v:-1)

or

M, = ! , (24)

U2+K2_1(U2—1)

where the designation for local total relative velocity U is
introduced. From formula (24) it follows, that the minimal
value of M, corresponds to the maximal value U . To de-

fine critical Mach number for flow around a contour, it is
necessary to find the maximum local velocity in the flow
around this contour. In formula (23) the dimensionless ve-
locities u and v also should correspond to the critical Mach
number of forward flow; therefore, for calculation of critical
Mach number, we apply a method of successive approxima-
tions in the same way as it was done for calculation of local
Mach number upon the formula (21). As the first approxi-
mation, we shall substitute in formula (23) the values of

()

relative local velocities " u v", calculated for an incom-

pressible flow. The critical Mach number M (", obtained at

the first approximation stage, is to be considered as the
Mach number of the free flow for calculation of local rela-

2)

tive velocities for the second approximation stage u'~ u

v® from the formulas (15). The process of the approxima-
tion needs to be continued until the calculated critical Mach
number for subsequent approximations will differ on the
given error ¢, i.e., until condition

MO M <

will be satisfied.



As can be seen, the critical Mach number can be calcu-
lated using only the values of the velocities of an incom-
pressible flow. It is necessary to notice that the method de-
scribed above is applicable for compressible flows, for
which the inequality M, < M. is valid. This condition
specifies the absence of transonic and supersonic zones in a
field of flow. As it can be seen from the method described
above, for calculation of critical Mach number M. and ve-

locity field (u,v) in compressible flow, it is enough to cal-

culate the velocity field (uo,vo) about a body for an incom-

pressible flow.

Based on the isentropic formulas (10) u (19) it is possi-
ble to express the pressure-drop coefficient for compressible
flow through local Mach number and Mach number of the
flow at infinity

.
-1 2 k-1
S |

P 2
KM,

c -1]. (25)

1+K7_1M2
2

Note that the formula (25) for water can also be obtained
directly from a static adiabat (6). Local Mach number in the
formula (25) is calculated by the method of successive ap-
proximations based on the formula (21) as it was described
above.

RESULTS OF CALCULATIONS

Since the proposed method for the account of com-
pressibility is approximate, it is expedient to compare it with
other methods to analyze accuracy of calculation. In work
[4] there were given some a number of comparisons for 2-D
problems and air only. Comparisons have shown that the
accuracy of calculations on proposed method is high enough.

Additional calculations for two-dimensional problems
are analyzed here and calculations for axisymmetric flow are
executed. Ellipses and ellipsoids of revolution (spheroids)

with various factor of compression & are chosen. For cal-
culations, the well-known potential models for ellipses and
spheroids [5, 29] were used. It is obvious, that the maximal
error will correspond to flow around thick bodies (5 — 1,0)

and for case M, = M. . In Table | and in Fig.2(a) results of

calculation of critical Mach number for ellipses and sphe-
roids with an offered method and with method of integrate
relations, executed by Chushkin [16], are compared.

The comparison in Table 1 and Fig.2(a) shows a good
agreement. It is necessary to notice, that calculations in a
range of 0,4 <6 <0,8 were executed by Chushkin only for
the second approximation, and each subsequent approxima-
tion resulted in reduction of critical Mach number. There-
fore, some additional error can be explained by this fact. As
a whole, it is possible to note, that the relative difference
increases with the increase of value ¢, both for ellipses and
for spheroids. However, the maximal relative difference
does not exceed 7 % for a circle, and 8 % - for a sphere.

Fig.2(b) shows comparison of the maximal velocity on
an elliptic contour to velocity on infinity ratio versus Mach
number (symmetric flow). Relative thickness of an ellipse is
0 =0,1. Here alongside with calculations on an proposed
method the calculation results obtained from the theory of
small disturbances and from second approximation by
Hantzshe and Wendt (1942, see work [9]), and the calcula-
tion results obtained on a method of approximation of adia-
bat by Dombrovski [9] are shown. The calculation results
obtained on a proposed method have practically coincided
with results of Dombrovski. The critical Mach number
M. =0,807 is calculated on an approximate method. It

agrees very well with the data of Lighthill (1954, see work
[9]) and Dombrovski [9] (M. =0,81) and Chushkin

M. =0,803 (Table 1). Earlier results, which were obtained
by Kaplan [14] M. = 0,857 should be considered less exact

though the relative difference for this result does not exceed
6,2 %.

Table 1: Comparison of values for critical Mach number at a flow of ellipses and spheroids

Ellipses Ellipsoids
o Chushkin | Calculation Relative Chushkin Calculation Relative
c° [16] M difference, co [16] difference,
pmin * o pmin M o
M % * %
* M*
0,05 | -0,1025 0,869 0,884 1,77 -0,0136 0,984 0,980 0,41
0,1 | -0,2100 0,803 0,807 0,50 -0,0418 0,957 0,945 1,25
0,15 | -0,3225 0,752 0,748 0,53 -0,0801 0,929 0,905 2,58
0,20 | -0,4400 0,709 0,700 1,27 -0,1219 0,899 0,868 4,00
0,40 | -0,9600 0,588 0,566 3,74 -0,3370 0,783 0,742 5,24
0,60 | -1,5600 0,506 0,480 5,14 -0,6022 0,692 0,648 6,36
0,80 | -2,2400 0,447 0,418 6,49 -0,9078 0,620 0,576 7,10
1,00 | -3,0000 0,399 0,372 6,77 -1,2500 0,563 0,519 7,82
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b) Comparison of relative maximal velocity in a flow about ellipse versus Mach number
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Fig.3 Comparison of the pressure-drop coefficient for an ellipse with relative thickness of equal 20%

Fig.3 shows comparison of the calculation results on
pressure-drop for an ellipse of relative thickness & = 0,2
in the compressible flow. Calculations were carried out for
Mach number of an infinity flow M =0,70, which is
critical Mach number for an ellipse with such relative
thickness (Table 1). The calculated data on a method of
finite-differences Sells (1968) are taken from work [18].
Approximately up to values x < 0,1 the results of Burago
method and of Karman-Tsien formula [5, 7] are in good
agreement. For values of relative coordinate along the big
axis of an ellipse 0,1 <x <0,5 the significant divergence
between the results of the Karman-Tsien formula and Bu-
rago method is observed. Despite that the data of other
authors are in better agreement with Karman-Tsien for-
mula, calculations by Burago method approaches closer to

value of the pressure-drop designated on Fig.3 as C;

which corresponds to the critical mode. Values of C;

were determined in work [18] and by the author and ap-
parently, from Fig.3 they have almost coincided. On Fig.3
distribution of pressure-drop coefficient for an incom-
pressible liquid also is shown. Comparison of results for
compressible and incompressible flows specifies strong
influence of the factor of compressibility.

In Fig.4(a) results of calculations for relative velocity
on the cylinder obtained with the proposed approximate
method, with a method of integrate relations [19], with a
method based on application of Legendre transformation
[12] and Rayleigh-Janzen method (see works [6], [8]) are
compared. The results of calculations of T. Simisaki
(1955) are borrowed from work of M. Holt and B. Messon
[19]. Calculations were carried out for free stream Mach
number M =0,37, which is almost equal to critical

Mach number (Table 1).



.
ﬂ —I\l:[m:O
2.0 /
1,5 /
1,0 / \
A =@
a Mm=l0,3?
] 45 an 135 0, rpan.

— present method
— numerical finite-diference method [Holt, besson, 1570]
& method of Legendre transformations [A. Nelrasow, 1944]

W rnas

2,50

2,25

2,00
0

.. 7
| U, -
/ﬂ. s
-
o 4]
0.1 0.2 0.3 0.4 M.

present method

@ Dorodnitsyn method of intesrate relations [R. Melnic & D. Ives, 1970]

Eayleigh-JTanzen method:
[T. Simsals, 1955] o [Shih-IPai, 1962]

Eayleigh-Tanzen method: o method of Legendre transformations [A. Nekrasow, 1944]
@ [Zhih-T Pai, 1962], o [T Swmsaki, 1855] @ method approzimation of adiahata [G Dombrovk, 1964]
(a) (b)
Fig.4: Influence of Mach number on velocity at the surfaces of the cylinder
M* ! M*
0.8 Yoo o> | 08 \\\\ _
0.6 0.6
T . T B
\\ \\i \ water -‘\""‘
== e

0.4 water | 4 RN HTOTOL —
0.2 T 02 . .

0 0.2 0.4 0.6 0.8 & 0 0.2 0.4 0.6 0.8 &

a) ellipse b) spheroid

Fig.5: Dependence of critical Mach number from a relative thickness of an ellipses and spheroids for water and air

Fig.4(a) shows a good agreement between the calculation
results obtained with a method of integrate relations and
with a method of application of Legendre transformations.
The maximal value of velocity on the cylinder in a com-
pressible flow calculated with the approximate method is
larger than the appropriate values obtained by other meth-
ods, and approximately 1,25 times higher, than for an in-
compressible liquid. Fig.4(b) shows the plot of the maxi-
mal velocity on the cylinder versus Mach number of main
flow. Results of calculations of Simisaki (see work [19])
with Rayleigh-Janzen method, M. Holt and B. Messon
[19] with Dorodnitsyn method of integrate relations and
Dombrovski calculations [9] with a method of approxima-
tion of an adiabat are shown there. The big difference in
the results obtained with the same Rayleigh-Janzen
method is caused by the fact that Simisaki obtained the
solution with the fifth member of decomposition, while
solution of Shih-I Pai [8] corresponds only to the first
member of decomposition. From Fig.4(b) it follows, that
the divergence of the calculated data increases with in-
crease of Mach number of the main flow. As it is expected,

the greatest mismatch of the results is marked at critical
Mach number.

Fig.5(a), (b) shows the plots of critical Mach number
versus relative thickness of an ellipses and spheroids for a
mode of continuous flow of water and air. Fig.5(a), (b)
specifies, that the same bodies in water, have smaller criti-
cal Mach number, than in air.

The effect of compressibility in water and in air is il-
lustrated in Fig.6, which shows the relation of relative

maximal speeds (Umax =U,w /U w) for compressible and

incompressible flow. From Fig.6 it follows, that influence
of compressibility for water for the same speed is more,
than for air. In Fig.7 results of calculations of pressure-
drop coefficient for compressible and incompressible flow
of water and air about 2-D and 3-D bodies are shown.
From Fig.7 it follows that the effect of compressibility is
more strongly shown in water, than in air. Compressibility
has stronger effect at two-dimensional bodies, than at axi-
symmetric bodies.



CONCLUSIONS

The carried out calculations of flows of compressible
liquid has shown, that the developed approximate method
is exact enough and does not concede to more strict meth-
ods of the account of compressibility.

Movement of bodies in water with high speeds is
characterized by smaller values of critical Mach numbers
in comparison with movement of the same bodies in air.

At the same Mach number of flow at infinity com-
pressibility in water is shown more strongly, than in air.

Compressibility is shown more strongly at a flow
around two-dimensional bodies, than at a flow around axi-
symmetric bodies.

ACKNOLEDGEMENTS

The author would like to thank Prof. Shakhov V.G.
and assistant Lyaskin A. S. (Department of Aerohydrody-
namics) for their help.

—Com
max
0 . '
Umax alr; '5=1,9
1,20 i I
/ bD body
1,25
water; §=1,0
2-D body air; §=0,1
1,10 D bod i /;’\ =
] //Water; 8=0,1 >/ /
1,05 // /V\g, D bud}r
1,00 Aé___..—- e |
0 0.2 0.4 0.6 0.8 M..

Fig.6: Maximal velocities at ellipse and spheroid versus Mach number for different medium

C;omp C;omp
0 [ 1] T T
CP /’ CP /
18| 2= <> : 22— Y= 00T
air
ajr J

1.6 1.9 i

=05 6=0,1 5=(E>J / $=0,1

— water

water
1.4 \ X / 1.6 / X
'
1.2 /// 13 // _
10 e = 1,0 .————'—'_'."—/|
0 0.2 0.4 0.6 0.8 M. 0 0.2 0,4 0.6 0.8 M.
water air
a) ellipse b) spheroid

Fig.7: Influence of Mach number of compressible flow of water and air on pressure-drop coefficient at ellipse and spheroid



REFERENCES

[1] Serebryakov V. V., 2002. ‘The models of the supercavi-
tation prediction for high speed motion in water”, The Inter-
national Summer Scientific Scholl “High Speed Hydrody-
namics”, June 16-23, 2002, Cheboksary, Russia, pp.71-92.
[2] Vlasenko Yu. D., 2002. “Experimental investigations of
supercavitation flows at subsonic and transonic velocities”,
The International Summer Scientific Scholl “High Speed
Hydrodynamics”, June 16-23, 2002, Cheboksary, Russia,
pp.197-204.

[3] Vasin A. D., 1997. “Calculation axisymmetric cavities
behind disk in supersonic flow”, J. Trans. RAN, MFG, n.4,
pp-54-62.

[4] Frolov V. A., 2002. “High-speed flows of the compressi-
ble fluid around two circle contours with a pair of symmetric
vortices”, The International Summer Scientific Scholl “High
Speed Hydrodynamics”, June 16-23, 2002, Cheboksary,
Russia, pp.331-338.

[5] Lojtsjansky L. G., 1978. “ The mechanics of a liquid and
gas”, — Moscow: “Nauka”, 736 p.

[6] Liepmann H. W., Puckett A. E., 1947. “Introduction to
aerodynamics of a compressible fluid”, (translated in Eng-
lish, 1949, Moscow: State Publishing House of the Foreign
Literature, 331 p.)

[7] Sedov L. I., 1980. “Plane problems of hydrodynamics
and aerodynamics”, Moscow: “Nauka”, 448 p.

[8] Shih-I Pai, 1962. “Introduction to the theory of com-
pressible flow”, (translated in English, Moscow: State Pub-
lishing House of the Foreign Literature, 410 p.)

[9] Dombrovski G. A., 1964. “Method approximation of
adiabat in theory 2-D flows of the gas”, Moscow: “Nauka”,
158 p. (in Russian).

[10] Chaplygin S. A., 1902. “Gas jets”, Moscow: publishing
house of Moscow University, 121 p. [Gas jets. Washington.
Technical Memorandum, No.1063, NACA, August 1944,
112 p.].

[11] Khristianovich S. A., 1940. “A flow of bodies by gas at
large subsonic speeds”, Works of TSAGI, No.481. (in Rus-
sian).

[12] Nekrasov A. 1., 1944. “Two-dimensional gas motion
with subsonic velocities”, Applied mathematics and me-
chanics, Vol.VIII, No.4, pp.249-266 (in Russian).

[13] Kudriashov L. K., 1947. “Plane parallel gas flow past
an ellipse”, Applied mathematics and mechanics, Vol.XI,
No.2, pp.119-128 (in Russian).

[14] Kaplan C., 1938. “Two-dimensional subsonic com-
pressible flow past elliptic cylinders”, NACA Report 624,
pp.245-252.

[15] Khristianovich S. A., Yuriev I. M.1947. “Subsonic gas
flow past a wing profile”, Applied mathematics and me-
chanics, Vol. XI, No 2, pp.105-118.

[16] Chushkin P. 1., 1957. “Flow of ellipses and ellipsoids by
subsonic flow of gas”, Computing mathematics, collection 2.
— Moscow: publishing house of Academy of sciences USSR,
pp-20-44 (in Russian).

[17] Chushkin P. 1., 1958. “Calculation of the flow around
arbitrary airfoil and bodies of rotation in subsonic flow of
gas”, Computing mathematics, collection 3. — Moscow:
publishing house of Academy of sciences USSR, pp.99-110
(in Russian).

[18] Melnic R., Ives D., 1973 “Calculation subsonic flows
around flat airfoils with the help multilayered method of
integrated relations”, Numerical methods in the mechanics
of liquids — Moscow: “Mir”, P.26-38 (translated in English).

[19] Holt M., Messon B., 1973. “Calculation of the flow of
bodies with high subsonic speed with the help a method of
integrated relations”, Numerical methods in the mechanics
of liquids — Moscow: “Mir”, pp.39-48 (translated in Eng-
lish).

[20] Kaplan C., 1940. “The flow of compressible fluid past a
sphere”, NACA Report 762.

[21] Hida K., 1953. “On the subsonic flow of a compressible
fluid past a prolate spheroid”, Journal of the Phys. Soc. of
Japan, Vol.VII, No.2.

[22] Vasin A. D., 1987. “Slender axisymmetric cavities in
subsonic compressible flow”, The mechanics of a liquid and
gas, No.5, pp.174-177.

[23] Vasin A. D., 1996. “Calculation axisymmetric cavities
behind disk in subsonic compressible fluid”, The mechanics
of a liquid and gas, No.2, pp.94-103.

[24] Zigangareeva L. M., Kiselev O. M., 1994. “ About cal-
culation cavitation flows around cone a subsonic flow of a
compressed liquid”, Applied mathematics and mechanics,
Vol.58, No.4, pp.93-107.

[25] Kiselev O. M., Zigangareeva L. M., 1998.
“Axisymmetric cavitation flow of a compressed liquid and a
body of rotation, streamline with the maximal critical Mach
number”, Scientific research institute of mathematics and the
mechanics of a name N. G. Chebotaryova. 1993-1997 — Ka-
zan: Publishing house the Kazan mathematical society,
«DAS» — pp.157-170.

[26] Burago G. F., 1949. “The theory of the airfoils by ac-
counting for the compressibility of the air”, Moscow: pub-
lishing house “Military-air engineering academy of name of
the professor N. E. Joukowski”, 166 p. (in Russian).

[27] Arzhanikov H. S.,, Mal'tsev B. N., 1952.
“Aerodynamics”, Moscow: publishing house “State pub-
lishing house of the defensive industry”, 480 p. (in Russian).

[28] Zamyshljaev B. V., Jakovlev Yu. S., 1967. “ Dynamic
loadings at underwater explosion”, Leningrad: Shipbuilding,
387 p. (in Russian).

[29] Roze N. V., Kibel 1. A., Kochin N. E., 1937.
“Theoretical hydrodynamics: Part 2”, Leningrad, Moscow:
The main edition of the engineering-theoretical literature. —
507 p. (in Russian).

[30] Mayboroda A. N., 2002. “Planing for the sub- and su-
personic speeds”, The International Summer Scientific
Scholl “High Speed Hydrodynamics”, June 16-23, 2002,
Cheboksary, Russia, pp.271-275.



