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EFFICIENCY OF STEADY MOTION AND ITS IMPROVEMENT WITH THE USE
OF UNSEPARATED AND SUPERCAVITATING FLOW PATTERNS

Background. The efficiency of the steady subsonic motion of vehicles and animals in air and water is estimated with
the use of different drag coefficients, the drag-to-weight and power-to-weight ratios.

Objective. The improvement of these characteristics with the use of special shaped hulls and wing profiles which re-
move boundary layer separation and with the use of the supercavitating flow pattern for the high-speed motion in water.

Methods. Analytical and numerical estimations with the use of known results for flow on slender unseparated body of
revolution and airfoil and for the steady supercavitating flow pattern.

Results. Simple analytic formulae were obtained for the movement efficiency, the critical Reynolds numbers of the
laminar-to-turbulent transition etc. and applied for different terrestrial, aquatic and airborne vehicles, animals and

human sport activity. In a rather large range of the Reynolds number 100 < Rey < 108, the use of unseparated shapes
yields very substantial reduction of the drag in comparison with the conventional bodies of revolution. In water at
Rey > 107 the supercavitating flow pattern can be preferable.

Conclusions. This drag reduction opens up prospects for designing different kinds of very effective airborne and high-
speed underwater vehicles.

Keywords: unseparated shapes; drag reduction; laminar-to-turbulent transition; supercavitation; drag-to-weight ratio;

power-to-weight ratio.
Introduction

Modern technologies open new horizons for
vehicles allowing substantially increase their speed
as well as to increase or to reduce their size. For
example, researchers in China are reporting that
they have taken a big step towards creating a su-
personic submarine. This technology could theore-
tically get from Shanghai to San Francisco — about
6,000 miles — in just 100 minutes [1]. On the other
hand, the dimensions of modern vehicles vary in a
very wide range. For example, the length of oil
tankers can exceed 400 meters while a remote con-
trol Nano Quad Copter from Revell measures only
45 mm square, [2].

Different shapes of vehicles and flow patterns
are used to diminish the drag and to improve the
efficiency. For steady motion in water or in air, it
is very important to reduce negative effects of the
boundary layer separation, since the separation
zones increase the pressure drag and noise. To re-
move separation active and passive boundary-layer
control methods are used. Here we concentrate on
the passive flow control methods, which use only
the shaping of the rigid-body in order to ensure
negative pressure gradients over almost the entire
body and thus to prevent flow separation. These
methods do not use any additional energy supply
to remove separation in comparison with the active

methods such as suction/blowing, surface cooling/
heating or different shape transformations. During
last 20 years the possibility of achieving an at-
tached flow on a rigid body has been investigated
in the Institute of Hydromechanics (IHM) of Na-
tional Academy of Sciences, Kyiv, Ukraine. The
survey of these theoretical and experimental studies
is presented in [3]. The developed and tested un-
separated bodies of revolution are rather similar to
the shapes of fast aquatic animals, e.g., dolphins [4].

The drag of underwater vehicles can be redu-
ced by decreasing the area wetted by water, i.e., by
the use of supercavitation (see, e.g., [5, 6]). In the
case of supercavitation the main part of the hull is
located inside the cavity, therefore the skin-friction
drag can be significantly reduced, since the density
of vapor or/and gas inside the cavity is approxi-
mately 800 time less than the water density. This
idea was developed in many theoretical, numerical
and experimental investigations in many countries.
In particular, the supersonic velocities (greater than
the speed of sound a =~ 1450 m/s) were achieved for
small supercavitating projectiles, launched by guns
or special catapults [3].

In this paper we evaluate the effectiveness of
the movement in air and water with the use of such
criteria as drag coefficients, drag-to-weight and po-
wer-to-weight ratios. We will estimate these charac-
teristics in order to answer very important questions:
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1. When the vehicle hulls without boundary-
layer separation (see, e.g., [3, 4]) are preferable in
comparison with conventional shapes?

2. When the supercavitation (see, e.g., [5, 6])
must be used for high-speed underwater vehicles?

3. In which cases the neutral buoyant vehicles
are preferable in air and water?

4. Is it possible to have fully laminar vehicles
and what is their effectiveness?

We will compare the motion effectiveness of
vehicles, animals and the human sport activities.

Problem formulation

Development and application of simple effi-
ciency criteria for the steady subsonic motion of
vehicles and animals in air and water.

Materials and Methods

Drag coefficients. The drag X = Xy, + X, for

the steady horizontal motion can be divided into
parts. The first one

(1

is connected with the supporting of the vehicle
weight mg. The buoyancy coefficient o expresses
the difference in the density of air or water p and
the average vehicle density (o = 1 for neutral buoy-
ant vehicles or animals, e.g., ships, airships or fish);
ky, is usually constant (e.g., aerodynamic efficiency

for airplanes), 1/ky is a friction coefficient for

cars, trains or bikes. The air- or hydrodynamic
drag X;; depends on the velocity U and can be ex-

pressed with the use of different drag coefficients,
based on the vehicle volume V, different areas A,
e.g., frontal, wetted or the cavitator base area

(A:nR,f) and on the depth of an underwater
movement /4 (in meters):

Xy =0.5C,pUV?/3
= Cpgh+10)V23 =0.5C pU%A.  (2)

For example, hydro- or aerodynamical drag
coefficient C, ¢ of slender bodies of revolution can

be calculated with the use of semi-empiric Hoerner
formulas [7]. For a purely laminar boundary layer:

Ces =Cyll+1.5(D/ L)1 +0.11(D/L)*  (3)

where

1.328 UL
C,=—"=, Re; =—
f JRe; L v

are the flat-plate skin-friction coefficient and the
Reynolds number (see, e.g., [8]). For a purely tur-
bulent boundary layer

Ces = Cyll+1.5(D/L)"> +7(D/LY’] (5)

“4)

where

~0.0307
i = RelLﬂ

(6)

is the flat-plate skin-friction coefficient (see, e.g., [8]).
C.s is based on the wetted area S; D and L are
the maximum body diameter and its length; v is
the kinematic viscosity of water or air.

In the case of supercavitation, created by disc
or non-slender conic cavitators (with the angle 26,

0> 250, see Fig. 1, b) at subsonic velocities, the semi-

empiric Garabedian formulas [9] were used in [10, 11]
to calculate the volumetric drag coefficient for a
vehicle which uses the cavity volume completely
(as shown in Fig. 1, b):

Inc? o 28(h+10)
-161Inc’ U?

G =3 (7)

where o is the cavitation number (pressure of va-
por and gas inside the cavity is neglected). It must
be noted that the value C),, does not depend on 6

and tends to zero with diminishing of the cavita-
tion number (or with increasing the velocity).

Cavity

Cavitator .
Cavity
c 3

Fig. 1. Different axisymmetric flow patterns: a — flow without
boundary layer separation (in the air or in the water); b —
supercavitation in water with a disc cavitator; ¢ — su-
percavitation in water with a slender conical cavitator;
the hull is located in the nose part of the cavity only
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Fig. 2. Drag coefficients Cyj, and the cavitator + cavity aspect ratio A = L/D at

different values of the depth 2 = 10; 50; 200 m [6]. Cyy

non-slender conical cavitators, eq. (7) — dashed lines; for the slender

conical cavitator, B =tg(®) =0.1; V=1 m’ — solid lines. Values 2 /1000

for the slender conical cavitator, § = 0.1 — dotted lines

For slender conical cavitators, the radius
R(X) of the axisymmetric cavity and the pressure

drag of the slender conical cavitator can be esti-
mated with the use of slender body theory [12—14].
The corresponding drag coefficients C, and C,

were calculated in [6], see Fig. 2.

Fig. 2 demonstrates a very surprising fact that
the drag of a supercavitating vehicle of a fixed vol-
ume (its hull shape is changeable to be located in-
side the cavity), moving at constant depth, decreases
with the increasing the velocity. In particular, the
drag of a proper shaped supersonic vehicle can be
smaller than subsonic one. This feature is only in-
herent supercavitation. In air (or in water without
separation) the drag drastically increases with
speed. To estimate the drag of the high-speed sub-
sonic supercavitating vehicle with the slender cavi-
tator at a moderate depth of movement, the fol-
lowing approximation can be used, see Fig. 2:

Cy, ~0.1. (8)

Diminishing the drag coefficients is important
in order to increase to speed of vehicle, since at
given power, the velocity will be maximum at the
minimal value of the drag coefficient.

Drag-to-weight and drag-to-lift ratios. The
commercial efficiency of vehicles can be estimated
with the use of drag-weight ratio 1/k. The minimal
value of this parameter yields the maximum of
tonsxkilometers which can be transported by the
vehicle per unit of time, [15]. With the fixed fuel

The drag-to-weight ratio can also
be treated as the cost of motion, i.e.
how much energy is used to move 1IN
of weight to the distance of Im. Usu-
ally in literature, this characteristic is
related to the 1 kg of mass or weight —

for disc and

Jkg'm™' (see, e.g., [16]). By dividing the values in
Jkg'm™ by 9.8 (the value of gravity constant), we

obtain the dimensionless criterion, coinciding with (9).

If the wigs support the weight of the vehicle,
the lift-to-weight ratio (the aerodynamic efficiency)
must be maximum (ky, — max in formula (9)).
The limited aspect ratio of wing Ay =b/H (b is
span, H is the average chord length) causes so
known inductive drag, which is equal to the fric-

tion one at the maximum value of the aerodynamic
efficiency, (see, e.g., [8]):

neb?
C;S.

wet

Ko = 0.5

(11)

where S, is the wetted area of the wing, ¢ <1 is

the coefficient corresponding to the circulation dis-
tribution on the wing (usually is close to unit), C,

is the friction coefficient (e.g., (4) or (6)).

Power-to-weight ratio and capacity-efficiency.
To estimate the maneuverability of the vehicle,
e.g., its ability to increase the velocity, the power-
to-weight ratio is used. Since for the steady motion
the mechanical power used for propulsion is the
product of drag and velocity, the power-to-weight
ratio can be written as follows (see (9)):

p, =L _U1=9 5,00, R

T E (12)
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The total power of vehicle engines (or relea-
sed in an animal’s body) significantly exceeds the
estimation (12) which takes into account only the
part of the power converted into propulsion. Thus,
By, can be rewritten as the product of the total

available power per unit weight ¢ and the propul-
sion efficiency n (0 <n <1). The drag cannot be

measured in many cases (especially on animals).
Nevertheless, it is possible to obtain an estimation
of the efficiency by using the minimal possible
value of the drag coefficient corresponding to the
laminar unseparated flow in (12).

The drag on the slender unseparated body of
revolution was estimated in [17] with the use of the
Mangler—Stepanov transformations and Blasius so-
Iution for the flat plate boundary layer (see, e.g., [8])
and the following simple formula was obtained:

1/3
¢, - 4T g, U

B JRey ’ v

Eq. (13) shows that the volumetric frictional
drag coefficient C},, does not depend on the slender

(13)

body shape, provided its volume remains constant,
and is a reliable estimate for the minimum possible
drag on a rigid body of revolution (see also [4]).

Substitution (13) into (12) yields a new char-
acteristic — capacity-efficiency:

Ul -
CE = (PW)min = (qn)min = (k o)
/4
2.5 2.5
3sUalv _Ul-a) 53U oy gy
N4 ky gm

For the neutral buoyant body (o =1) formu-
la (14) yields:

2.5 2.5
C, =235U7 535U v
N2 gm

Equation (15) allows comparison the efficiency
of different animals and vehicles with the informa-
tion about their velocity and mass (or volume) only.
Some results are presented in [4].

It must be noted that it is impossible to in-
crease the power-to-weight ratio (or the capacity-
efficiency) and to decrease the drag-to-weight ratio
simultaneously, since these characteristics are related
by simple equation kB, =U. Thus, for a given ve-
locity increasing of maneuverability B, (or Cp) cau-

ses the decreasing of the commercial efficiency k.

(15)

Theoretical estimations

Drag and lift force on slender unseparated
shapes. When the boundary layer separates from a
body surface, the boundary layer thickness and the
pressure drag increase. Separation causes recircula-
ting fluid motion, and usually induces vortices and
turbulence in the flow and hence tends to an in-
crease of noise and to a decrease the lift force on
wings. Thus, shapes without separation are of obvious
interest, since they allow one to reduce both drag
and noise and to increase the lift on wings.

Many investigations have been carried out
with the use of active flow control methods in or-
der to avoid separation and to delay the laminar-
to-turbulent transition (see, e.g., [18—20]). These
active control methods are usually based on suc-
tion/blowing, surface cooling/heating, different shape
transformations and even electromagnetic forces.
Proper use of these methods can delay the transi-
tion to the turbulent flow pattern and reduce or
even remove flow separation, but all of them need
additional energy to be supplied.

In comparison, passive flow control methods
use only the shaping of the rigid-body and its sur-
face properties. This means that no external energy
has to be added to perform the control. Here we
concentrate on special body shaping in order to
ensure negative pressure gradients over almost the
entire body and thus to prevent flow separation.
During last 20 years the possibility of achieving an
attached flow on a rigid body has been investigated
in the Institute of Hydromechanics of National
Academy of Sciences, Kyiv, Ukraine. The survey
of these theoretical and experimental studies is pre-
sented in [3]. An example — shape UA-2c¢ — is
shown in Fig. 1, a. Wind tunnel tests revealed the
absence of separation on some of proposed bodies
of revolution at large Reynolds number range, in
particular on the unclosed version of the shape
UA-2¢c — body UA-2 [3]. The examples of similar
2D airfoils are calculated (see e.g., [3]). These facts
open wide prospects for the use of unseparated
shapes in order to improve the effectiveness of ve-
hicles. Here we will analyze the drag and the lift
characteristics of such shapes.

For slender unseparated hydrofoil (with a
small thickness) we can use formula (11) and the
estimation S, ~2Hb for its wetted area. Putting

also ¢~1, the following estimation for the maxi-

mum value of the aerodynamic efficiency can be ob-
tained:
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(16)

A
Knax = 0.5 ,ZC”; .

Using in (16) formulas (4) and (6), the fol-
lowing equations can be obtained in the case of
laminar and turbulent flow respectively:

1/2 1/4

kmax,lam ~ 0'547‘!4/ ReH ’ (17)
1/2 1/14

kmax,tur ~ 3'SSKW ReH

where Re, is the Reynolds number based on the

chord length.

The drag on the unseparated wings at the
optimal angle of attack corresponding to the maxi-
mum efficiency can be estimated as follows:

X=CpSyepU 2, since the pressure drag can be neg-

lected and the induced drag is equal to the friction
one. Then the optimal value of the lift force

Yopt = kmax X', corresponding to the maximum effi-

ciency, can be estimated with the use of (4), (6)
and (17) for the laminar and the turbulent flow re-
spectively:

Y

opt,lam

~ 143072 Re?/* ov?,
w Rey (18)
Y

3/2 27/14 2
o = 022077 Re) /M pv2,

To estimate the optimal angle of attack oy,
we can use the known linear dependence for the lift
coefficient C, =2Y/(p UQKWHQ) =2na for a slen-

der symmetric airfoil (see, e.g., [8]) and (18):

Gopuiam = 04615 Rey '™, 9)
Gopear = 0.070577 Reyy ™.

If the hull shape is close to the unseparated
body of revolution, its lift force can be neglected at
small angles of attack. The drag of such body can
be estimated by (3) and (5) with removed last
terms in each equation representing the pressure
drag caused by separation. In the laminar case,
formula (13) is preferable, since it takes into ac-
count the peculiarities of the axisymmetric flow,
while the friction drag is estimated with the use of
flat plate concept in Hoerner formulas (3)—(6).

Critical values of the Reynolds number, length
and volume of the laminar shapes. Unseparated
shapes reduce the pressure drag. If they also ensure
laminar flow in the boundary layer, the friction
drag can be also further reduced. Thus, the laminar
unseparated vehicles must be the most effective in

comparison with the turbulent ones, but they have
to operate at small enough Reynolds numbers. In
this section, we will estimate the critical values of
Reynolds numbers, critical vehicle dimensions and
velocities. In water it is possible to use supercavi-
tating flow pattern (shown in Fig. 1, b, ¢). Its effec-
tiveness we will discuss in next sections.

The laminar to turbulent flow transition in the
boundary layer influences the skin-friction drag and
depends on many parameters such as pressure gra-
dient, surface roughness, pulsations in the ambient
flow and so on (e.g., [8]). Nevertheless, according
to the Tollmin—Schlichting—Lin theory (e.g., [21])
the boundary-layer on a flat plate remains laminar
for any frequencies of disturbances, if

Re; = Y5 <420
A%

This inequality, taking into account the Blasius

expression for displacement thickness (e.g., [8])

5* = 1.721()?)1/2 Re;,l/2 (x is the dimensionless co-
ordinate based on the chord length), can be rewritten
as follows: ,/xRep <244.044. If the boundary

layer remains laminar over the entire surface of a
slender unseparated airfoil, the critical value of the
Reynolds number can be obtained by putting
x=1:

Re}, = 59558. (20)

At smaller values of the Reynolds number the

flow will be laminar at any slender unseparated wing.

Similar estimation has been done in [22] for

the slender unseparated body of revolution with the
use of the Mangler—Stepanov transformations:

Re; j R%(£)dE < 59558 (21)
0
where R(E) is the dimensionless radius of the body

based on its length and the integral is proportional
to the volume on the nose part of the body with
the laminar boundary layer on its surface

X
Vim = 7l [ R*(€)dE. (22)
0
If the boundary layer remains laminar over
the entire surface (V =V,,), formulae (21), (22)

yield the critical value of the Reynolds number
(see also [4]):

595587

% (23)

*
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The maximum value of the laminar unsepa-
rated wing effectiveness corresponds to the critical
value (20) and is equal to

1/2
k ~ 8.44\y,

max,lam

*

24

(it follows from (17)). The maximum chord length
of the laminar wing can be determined from (20)

« _ 59558v
U b
and its maximal lift force at the optimal angle of

attack corresponding the maximum aerodynamic
efficiency follows from (18) and (20):

Yo lam = 3.25-10%pv?03/2.

opt,lam

H

(25)

(26)

Eq. (26) shows that the maximal lift force of the
slender unseparated laminar wing is independent
from the velocity and rapidly increases with the
viscousity and the wing aspect ratio.

To estimate the maximal dimensions of the
laminar body of revolution the information about
its shape is necessary. For the unsepareted shape
UA-2¢ (shown in Fig. 1a) and similar bodies with
different thickness ratio D/ L the simple formula

can be used:

where dimensionless coefficient y varies from 0.233
to 0.33 for D/ L from 0.02 to 0.278 (body UA-2c).
With the use of (23), (27) the maximum length
and volume of the laminar unseparated body of
revolution can be determined:

o 1.8740%(%2
yU D)’ (28)
v 6.54~10'5v3(Lj4
== 5 \D) -
vU D

With the use of Froude number (28) can be
rewritten as follows:

e {1.87 : IOSV:|2/3 [AT”
| yFr D] ~’
e 3510 LT

=5

YgFrL2

The calculations of the dimensions of the

laminar unseparated vehicle are presented in Fig. 3

(water at v=1.3-10"° m%s) and Fig. 4 (air at dif-
ferent attitudes).

Drag on slender body of revolution for attached

v DV and supercavitating flow patterns. The drag on a

7 —Y(zj (27)  slender unseparated body of revolution is mainly

determined by the friction in the boundary layer. If
104 ¢ . . —— . . . —— g
" Oil Tanker “Titanic” . . i
10° USS Wisconsin E
E / / Francisco Ferry E
[ T ———— Submarine Virginia_* b ]
102 & T —— & ﬁ H =
g E - Blue Whale' Sea Fighter (FSF-1) E
el \ GHOSTSWATH SHIP Tomedo Spearfish _ {Shigealy ) 2
= 10' } 5 e Striped marlin D/ =
E £ Emperor penguin Qg ¢ white shark OT— I~ E
i s . American eel \%\ L6 shar Wahoo—i¢5 | Jorpedo Mark 43 .
5 100k i ~O ; Sailfish 3 4
% : AN Bottlenose Co_Swordfish b 3
K . Sea glider SLOCUM male swimming ]
< 107'F ' Sea otter Flying fish Juvenile Blue shark ]
B f . ]
< L Sea glider SLOCUM ]
107 E Juvenile Shortnose sturgeon E
107 ¢ E
1074 [ 1 T B BRI | 1 1 1 1 I 1 1 1 T i

10°

10! 102

Velocity U, m/s

Fig. 3. The maximum chord length of the laminar unseparated wing (eq. (25)) in water (line /). The maximum length of the laminar
unseparated body of revolution (eq. (28)) in water at different values of the thickness D/L = 0.278; 0.1; 0.05 (lines 2—4 res-

pectively). “Circles” represent data for animals; “triangles”

— for vehicles
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Length of chord and hull, m

v

10° 10! 102
Velocity U, m/s
Fig. 4. The maximum chord length of the laminar unseparated

wing (eq. (25)) in air (lines /—3). The maximum length
of the laminar unseparated body of revolution (eq. (28))
in air at different values of the thickness D/ L = 0.278
(lines 4—6); 0.05 (lines 7—9) and 0.02 (lines 10—12).
The values were calculated at 0 km (solid lines 7, 4, 7, 10);
10 km (dashed lines 2, 5, &, 11) and 20 km (dotted lines
3, 6, 9, 12) height above sea level

its volume does not exceed V},,, the volumetric drag
coefficient Cj, is given by formula (13). Otherwise,

the laminar-to-turbulent transition must be taken
into account. Simple estimations of the drag can be
obtained with the use of Mangler—Stepanov trans-
formations and the Blasius flat-plate skin-friction
in the laminar part of the boundary layer (see de-
tails in [22]) and formula (6) in its transitional and
turbulent part. The results are show in Fig. 5 by
solid lines for different values of the body thickness

107!

1072
N [
&)

1073 ¢

112 Py
103 10* 103 10° 107 108
Rey

Fig. 5. Volumetric drag coefficients for axisymmetric hulls. Unseparated shapes
are represented by solid lines /—J5; conventional shapes (Hoerner for-

mulae (3)—(6)) — by dashed lines 6—10. The body thickness D/L = 0.02

(lines 1 and 6); 0.05 (lines 2 and 7); 0.1 (lines 3 and &); 0.2 (lines 4 and
9); 0.278 (lines 5 and 10). Markers present the experimental data. Dot-
ted lines //—19 show the volumetric drag coefficients of the super-
cavitating slender axisymmetric hulls for different volume: 0.001 m?3
(lines 11—13); 1 m?® (lines 14—16); 1000 m® (lines /7—19) and the depth
of movement: 2 m (lines /1, 14, 17); 50 m (lines 12, 15, 18); 200 m

(lines 13, 16, 19)

D/ L. The minimum points correspond to the criti-
cal values of the Reynolds number (23). For com-
parison the drag coefficients of conventional shapes
(egs. (3)—(6)) are presented by dashed lines. The ex-
perimental data are shown by markers for different
bodies of revolution.

It can be seen that on very slender bodies of
revolution (D /L < 0.05) C,, could be smaller than

0.001 at the Reynolds numbers close to the critical
one. At greater Re,, the volumetric drag coefficient

rapidly increases and approaches value

¢, ~0.01 (30)

which is practically independent from the thickness
ratio.

ISE

Fig. 6. Unseparated body of revolution (non-standard cavitator)
and cavity, which needs no closing body

The tail part of an underwater unseparated
hull can be covered by the cavity, which closes it-
self (without any closing rigid body or re-entrant
jet, see Fig. 6). Then the hull’s pressure drag is still
near to zero (due to D’Alambert paradox). The skin-
friction drag on such vehicle can be reduced, since
the large part of its surface has no contact with the
water. In particular, the volumetric
drag coefficient can be estimated as
follows for the laminar boundary-layer
[23]:

_ 47 Vy
JRe, VW

where V, is the volume of the body’s

c, (31)

194

18 part wetted by water.
I_.‘?17_ ] In order to realize the flow pat-
10° oo tern shown in Fig. 6, a special investi-

gation has been done in [24]. It was
shown that the drag diminishing of 31 %
(in comparison with the unseparated
flow pattern V, = V) is possible. Formu-
la (31) yields the estimation C, = 5.107
for the slender body with D/L
= 0.046 [11, 24]. This value is 14 times
less than the volumetric drag of the un-
derwater apparatus “Dolphin” measured
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at Re, = 8.5-10° (see [25],“square” i i
markers in Fig. 5). . 5 1
For the underwater supercavi- 04 §
tating hulls shown in Fig. 1, b, ¢, = 0.35r% "
the friction drag on a small cavita- 3 . I«,
tor can be neglected, but its pres- % 0.25 jg
sure drag yields the main part of 5 02[ 7+ -
the total drag. The analytical for- 0.15- & ¢
mulas presented in [6] allow calcu- 0.1 /é' =
lating the volumetric drag coeffici- 0.05 fitees=
ent for the case of slender conical 0

. . 0 0.1
cavitator (see Fig. 1, ¢). The results

are shown in Fig. 5 by dotted lines
at different values of the hull vol-
ume (which is close to the cavity
one, such as shown in Fig. 1, b)
and the depth of motion 4. It can
be seen that supercavitation allows
diminishing the volumetric drag co-
efficients up to values C,, ~2-107*,
Further drag diminishing is limited
by very large values of the cavity
(hull) aspect ratio at higher velocities (see Fig. 2).
All data presented in Fig. 5 are limited by
D/L > 0.02.

Commercial efficiency estimations. Formulas (9),
(13) and (30) allow estimating the vehicle drag-to-
weight ratio in the cases of the laminar unsepara-
ted and the turbulent hulls respectively:

1 _ 1- VU
klam k
+2.35 F’O‘VU (32)
1 lme g oser = 12, U et gy
Koo w ky  200g N m

For the supercavitating vehicle with a slender coni-
cal cavitator (see Fig. 1, ¢) formulae (2), (8), and (9)
yield:

1 1 1

—=—+0.50C Fr? = —

kSC kW+ * kW
(h+10) 1 (h+10) 4
+OLCVhw~g+0.l [/1/3 (3)

Linear dependences (32)—(34) versus buoyancy
coefficient are shown in Fig. 7.

.‘-;::‘\9

_______
—
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Vlrgm Atlantlc GlobalFlyer

lines /0 and 11 correspond to the supercavitating vehicle (eq. (34), V
h =2 m, and 50 m respectively). Markers show the experimental points

0.2 0.3 0.4 O..S 0.6 0.7 0.8 0.9 1
Buoyancy coefficient o

Fig. 7. Drag-to-weight ratio for unseparated and supercavitating vehicles for k,, = 20.
Solid lines /—3 correspond to the laminar unseparated hull with V =V,
(formula (36) at Fry = 2, 5, and 10 respectively). Dashed lines 4—6 represent

turbulent unseparated hull (eq. (33), Fr; =2 and D/L = 0.278, 0.05, and 0.02
respectively). Dotted lines 7—9 correspond to the supercavitating vehicle (eq.

(34), V =1000 m3, h =2 m, 50 m, and 200 m respectively). Dashed-dotted

:1m3,

If the velocity and the volume of the unsepa-
rated hull are fixed, the minimum value of the drag-
to-weight ratio is achieved at o — 0, or when o =1,

depending on the value of the coefficient &y, . The

critical values ky correspond to the horizontal
straight lines (32), (33) and are equal to:

Ky tam _043‘/5’ 14 043/

2ooga1/3m
U2 1/3

ki wr ~ 200Fr;,

for the laminar and the turbulent case respectively.
If ky < ky, the maximum of the commercial effi-
ciency (the minimal value of 1/k) is achieved at

a=1 (i.e., the most effective vehicles are neutral
buoyant ones — ships, airships, submarines), other-
wise the buoyancy parameter must be as small as
possible. Formula (34) and Fig. 7 show that optimal
supercavitating vehicles must have minimal possible
value of a (in particular, to be heavy than water).

If the velocity and mass of the vehicle are
fixed, the nonlinear dependences (32), (33) have
maxima at some values of a and minimum value of
the drag-to-weight ratio is achieved at o — 0, or
when o =1, depending on the value of the coeffi-
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cient ky, . Its critical values k, can be calculated
from (32), (33):

kW]am—043g Jm =0.43g 4 ,
\lva VovU? (35)
i _200gm'?  200gV'/?
W, tur ~ U2p1/3 - oc]/SUz

for the laminar and the turbulent case respectively.
If ky, < ky, the maximum of the commercial effi-
ciency (minimal value of 1/k ) is achieved at o =1,
otherwise the buoyancy parameter must be as small
as possible.

Efficiency of a laminar unseparated vehicle

will be maximum at maximal possible volume of
the hull V =V, (see (32)) and maximum possible

length of the wind chord (see (25)). Then formulae
(22), (24), and (32) yield:
1/k=(0-a)/ky + 0.00543aFrL2,

Ky ram = 184F 1,2, (36)

FI am = 3.6k, = 4,670,714,

If the Froude number is smaller than Fr; lam >

the neutral buoyant vehicles are preferable.
For the supercavitating vehicle, (34) yields

the estimation of the critical number k:;, sc
= 10V 3[a(h +10)]!
ky, the pressure drag on a cavitator (see Fig. 1) is

<a W13, At greater values of

higher than the drag connected with weight sup-
porting (i.e., the drag of the wing piercing the cavity
or the planning drag on the hull). For small vehicles

the values of k:;’ sc are rather small. It means that

the drag on the cavitator is prevailing.

Efficiency estimations for running. To estimate
the efficiency of running, we need the value of
or the average drag coefficient 1/ky,, corresponding

to the weight support. We shall modify the approach
proposed in [26], which assumes running as series
of jumps and the energy of the vertical motion as
wasted to support the horizontal motion. Then this
wasted kinetic energy equals 0.5mv? (v is the verti-
cal velocity in the beginning of the jump). By divi-
ding this energy by the duration of the jump 2v/g
(air drag is neglected) the wasted capacity 0.25mgv

and the average drag coefficient 1/k, = 0.25v/U

were estimated in [26]. With the use of an unrealistic
assumption v =U (it means that jump height must
be approximately 5 m for an athlete with the 10
m/s running velocity) the value 1/k, =0.25 was
proposed in [26].

Let us calculate the vertical velocity with the
use of the duration the jump and its length
[; =2Uv/g. Then the average drag coefficient can

be estimated as follows:

1/ky = 0.25v/U = 0.1251,5/ U*. (37)

For example, Usain Bolt makes 41 jumps du-
ring his word record 100 m running (U = 10.44 m/s).
Formula (37) yields the value 1/ky ~0.027,
which is almost 10 times smaller than estimation [26].
In the case of the fastest running animal — chee-
tah — (acinonyx jubatus, U = 31 m/s, /; ~7m),

1/ky, =~ 0.0089. For a hare (genus lepus, U = 18 m/s,
Ij ~3m), 1/ky ~0.011. We use the data about

animal mass, length and velocity from [27] and
other information available in internet.

To check the assumption that the air drag can
be neglected for running, let us use (32) and (33)
and calculate the critical values of kj,, when the

aerodynamic drag is equal to the one connected
with the weight supporting:

k;;*]dm 043 g1 —a)m 0.43 g(l\/ OL)\/>
\/(xva avU? (38)

o 200g(1 - a)ym'?  200g(1 — )V’

W, ¥ U223 Ua .

Using in (38) the values p ~1.225kg/m?,
v~146-10° m%s, o=~1.225-107, the following
estimations can be obtained: in the case of human
record 100 m running (m = 94 kg), k;}k*lam ~ 8173,

seskok

ky o = 6666; for a cheetah (m = 65 kg) and for a

skokok skokok

hare (m = 2 kg) ky j,m 1328 and ky ,,, =527

respectively. So large values of kW,lam show that

the air drag can be neglected by running. May be,
it could be some exceptions only for very small
animals, like German cockroach (blattella germa-

skokok

nica, m =20 mg, U = 1.3 m/s, ky 1., = 86).

Since the air drag is negligible, the cost of
running 1/k ~1/ky and is independent from
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speed. Such conclusion is in agreement with the
previous investigations (see e.g., [26]). The real meta-
bolic cost of human running is approximately 4

Jkg'm™! (see, e.g., [16]) or 0.41. This value is 15 times

greater than the obtained above estimation 0.027.
It means that only a small part of the energy re-
leased in human body is transformed into the en-
ergy of movement, i.e., the propulsion efficiency
coefficient n is rather small.

Results and discussion

Comparison of the drag coefficients for conven-
tional, unseparated and supercavitating hulls. Evi-
dently, the hull drag is important for the neutral
buoyant vehicles (such as conventional ships,
SWATH ships, airships, submarines) or quasi neutral
buoyant (o — 1, such as underwater gliders, conven-
tional torpedoes), since it is the main part of the
total drag. Fig. 5 shows that there is a rather large

range of the Reynolds number 106 < Re, < 108,

where the use of unseparated shapes yields very
substantial reduction of the drag in comparison
with the conventional bodies of revolution.

In water at Rej, > 107 the supercavitating flow

pattern can be preferable. Both for the unseparated
and for supercavitating vehicles, the thickness ratio
D/ L must be as small as possible to achieve smaller

values of the drag coefficient. Figs. 3 and 4 demon-
strate that the laminar unseparated hulls of rather
large dimensions can be used at large range of the
velocities in water and in air. The length and vol-
ume of such hulls increase with diminishing of
D/L and increasing the height above sea level.

These facts creates challenges to strengthen the
construction of the hulls in order to decrease
D/ L, to withstand heavy longitudinal forces and to

avoid buckling.

In order to estimate the importance of the
unseparated hulls in the design of non-neutral
buoyant vehicles, estimations (38) can be used to
compare the drag of hulls and one connected with
the weight support. For example, for a typical car

(m=1t, V=10 m*, U=40 m/s, p ~1.225 kg/m?,
v~1.46-107 m?/s) o ~0.012, o ~0.012, and the

seskeok

critical values ky ., = 1112, ky ", ~ 221 are grea-

ter than kj =~100. It means that the drag on an

unseparated hull is smaller than the friction drag
on wheels. Similar situation takes place for buses,

tracks and trains, where the critical values are ex-
pected to be higher due to the greater mass.

Let us estimate the aerodynamic drag and di-
mensions of the slender unseparated shape (similar

to shown in Fig. 1, a) at the Re, =5.9- 10° (the va-

lue, corresponding to the mentioned above typical
car). At this Reynolds number the ideal shape can
be laminar and its drag can be estimated with the
use of (13) as follows: C, = 0.0019. Formula (2)

allows recalculating the drag coefficient with the
use of the frontal area A =nD?/4. To find the di-
ameter of the corresponding ideal laminar hull let us

use the condition V =V, =10 m® and formulas

(27), (28), y = 0.3. Then D/L ~0.137, L ~12.1 m,
D~1.66 m and the frontal drag coefficient C,,

~ 0.0041 for this ideal laminar unseparated body
of revolution. For the turbulent flow pattern esti-
mation (30) yields C,, = 0.021. These values are

much smaller than the drag measurements on the
best-shaped commercial cars (12—60 times), [28],
and 2.5—13 times smaller than the frontal drag
coefficient of the special car Eco-runner (C,,

~ 0.0512), |28, 29].

Presented estimations show that the laminar
unseparated shapes can be used for special cars
(e.g., [29, 30]) in order to reduce their drag. To
make the conventional cars compact, comfortable
for passengers and stable on curved roads, the car
designers use typical box-like shapes and try to re-
duce the negative effects of separation (which is
inevitable on such hulls). The payment for these
advantages can be very high and can cause drastic
increase of the aerodynamic drag (which can sig-
nificantly exceed the drag on wheels).

For example, the Formula one car has unexpec-
ted high aerodynamic (and total) drag C,, =0.7—1.1

(see, e.g., [28]). There is the payment for stability
on curved loops, which needs a large downforce.
Its value is greater than about two weight of the
car (702 kg [31]). To create this force the wings
and special hull shape are used. The efficiency of
wings is very limited, since it is impossible to use
the laminar flow pattern and to increase iy, . Indeed,

at the velocity of 100 m/s the maximum chord
length of a laminar wing is approximately 8.7 mm
(see (25), Fig. 4). Since the width of the car is
limited by 180 cm, the maximum aspect ratio of
the laminar wind is 207. Then the maximum down-

force at an optimal angle of attack ~ 253N

(see (26)) and is not enough for stability. To have

*
Y opt,lam
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the downforce of 7000 N at one wing, we need ex-
tending the chord at least 27.6 times, to have A, < 7.5

and the ratio of the car weight to the drag on two
wings must be less than 12 (see (24)). Thus, the
drag connected with the creating downforce is the
overwhelming part of the total drag on the For-
mula one car.

Fig. 4 and formula (28) show that the laminar
unseparated shapes can be used also for large sub-
sonic airplanes provided their D/ L ratio is small
enough. For example, at the velocity 250 m/s, the

height above see level 10 km (v ~ 3.53-107 mz/s)

and L/D = 20—50, the maximum length of such
hulls varies from 43 m to 284 m and the maxi-
mum volume of the laminar hull varies from
49 m’ to 2123 m®. The last value approaches to the
hull volume of the largest airplane Antonov An-225

skokk

“Mriya”, [32]. Using (38) yield ky j,,, ~587 and
Ky e ~ 548 at V=43 m’, a~0.002. It means
that the drag of this laminar hull (and greater ones)
can be neglected in comparison with the drag on
the wing, since its aerodynamic efficiency is typi-
cally smaller than 60, [33] (the same value follows

from (24) at A, =~ 50).
The huge difference between k;;:am and k;f;ur

shows that the use of the laminar unseparated hulls
can give a significant decrease of their drag. Never-
theless, in order to have compact and comfortable
airplanes, the conventional shapes can be preferable.
For example, the hull of Solar Impulse 2 plane, [34],
which rounded globe with the use of solar energy
only, looks not very good streamlined. For its ve-
locity 17 m/s, 2300 kg of mass, the attitude of 8300 m
(p~0.51 kg/m?,v ~3.02-10° m?/s) and a ~0.01,

KKk

equation (24) yields ky, ., ~ 2406 and the conclu-

sion that the hull drag can be neglected. Estima-
tion (35) yields very high values of k;lam ~ 739
for Solar Impulse 2. It means that for a vehicle
with the same mass, velocity and attitude is much
better to use the neutral buoyant option. The com-

mercial efficiency of a corresponding airship would
be k =~ 727. Its characteristics can be estimated as

follows: V =m/p ~4510 m®>, L/D =9.7, yv~0.27,
L = 116 m. The upper surface of the envelope (half
of the total wetted area and suitable for fixing solar
cells) is greater than 1000 m? and is 5 times larger
than the wing area of Solar Impulse 2.

Unseparated wings and vehicles. Vehicles or
animals, which ensure a laminar attached flow pat-
tern are expected to be the most effective, since
separation and turbulence cause intensive vortexes
in the flow, increase of drag and noise. Fig. 35,
formulae (4) and (25) show that minimal drag co-
efficients and the maximum commercial efficiency
(see (36)) correspond to the maximum possible
volume of the hull V' =V, and maximum possible

length of the wind chord.

The applications of the laminar wings are limi-
ted due to the small values of the maximum chord
length and corresponding maximal lift force at op-
timal angle of attack (see Figs 3, 4 and formulas (25),
(26)). Even at A, =50, the maximum lift force

equals 194 N for water (v~1.3-10° m%s) and
Y ~30; 59.2 and 261 N for the steady move-

opt,lam
ment in air at the attitudes 0, 10 and 20 km respec-
tively. For smaller values of the wing aspect ratio,

corresponding values are smaller, e.g. Y, ~27TN

opt,lam
and 7.6 N for A, =10 and 20 respectively (for air

at zero attitude).

It means that we can expect to observe the
laminar flow only on wings of small vehicles or
small birds. E.g., the weight the fastest bird swift
(m=~40 g) — can be supported by the laminar
wing. Another example is the sea glider, on which
only the small percent of weight is supported by
the wing, [35]. But the hybrid airship Airlander-10
is too heavy and 40 % of its weight cannot be sup-
ported by the laminar wing [36].

Decreasing the chord length slowly decreases

the wing efficiency (which is proportional to Re%“,

*

see (17)) and rapidly diminishes the lift force (which

is proportional to Re?,/‘*, see (18)). For example,

for the bee (Ay =7,U ~17 m/s, H 2.3 mm,
m ~ 100 mg, Re, ~ 2680, o~ 0.0016) £, ~10.3;

'max,lam
Y. ~0.0069 N and ky ., ~3.6 (according

opt,lam

to (17); (18) and (38) respectively). These estimations
show that the laminar wing could provide the lift
sufficient to support the bee weight, but the drag
on its body is greater than the drag on the optimal
wing, and the weight-to-drag ratio is only 2.6 (ac-
cording to (32)). May be it is the reason why in-
sects use very specific unsteady flow pattern with
the very high frequency wing oscillations [37] (for
which the presented steady flow estimations are
not valid).
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Another conclusion can be drawn up: the mini-
aturization of the vehicles can lead to increasing
their drag coefficients and cause decreasing their
commercial efficiency. Since the power-to-weight ra-
tio or the capacity-efficiency increases with decree-
sing of commercial efficiency (see previous sec-
tion), the maneuverability of small vehicles can be
very high. E.g., the capacity-efficiency of the bee
Cy=U/ky ~17/2.6 ~6.5m/s is 23 times greater
than one of cheetah Cp ~31-0.0089 ~ 0.28 m/s

(the estimations from the previous section were
used). In the next section we shall speak about the
capacity-efficiency in details.

If the Reynolds numbers are higher than esti-
mation (20), the turbulent unseparated wings must be
used. If such a wing ensures the attached flow pat-
tern at the optimal angle of attack (see (19)) and
the Reynolds number is much higher than (20), the
turbulent flow pattern yields better wing efficiency
than in the laminar case (see (17)).

Let us calculate the efficiency of the albatross
(Ay =12, U ~ 35 m/s, the wing span b~3.4 m,

m~10 kg, Rey ~ 679000, o~0.0015 [38])
kmax,tur ~ 324: Yopt,tur ~422 N.

It can be seen that optimal cruising speed of
the albatross could be approximately twice smaller
in order to support its weight. Fig. 4 show that its
body length is small enough to ensure laminar flow
pattern. Then formula (32) yields the values of to-
tal weight-to-drag ratio between 30 and 31 (for dif-
ferent values of the velocity). The observations of
the albatross flight show the values between 22 and
23 [39]. In the case of airplanes the discrepancies
between theoretical estimations and experimental
value of commercial efficiency are more substantial.
E.g., for Antonov An-225 “Mriya” (Ay = 8.7,

U ~220 m/s, H~10.2 m, Re,; ~6.4-107 (at the
attitude 10 km) [32]) % ~ 38 (see (17)).

max,tur

Since the drag on the hull can be neglected (in
comparison with the drag on the wing, see previous
section), the theoretical weight-to-drag ratio is close
to 38 and is twice greater than the experimental
value k ~19. It means that the efficiency could be
improved with the use of unseparated shapes.

Presented estimations allow explaining the
flight of pterosaurs. The dimensions of these fossil
animals (the wind span reaches 11 m) seem to be
too big for flight, [40]. Since the maximal wing span
of the pterosaur is approximately 3 times larger than
in the case of albatross, we can expect its weight is 27
times greater, i.e. m~ 270 kg. Let us suppose that the

speed of pterosaur and its wing aspect ratio coincide
with ones for albatross (U ~ 35 m/s, & = 12), the

Rey, ~2-10%, k, = 35; Y, ~ 3500 N. There-

max,tur opt,tur
fore the weight of the pterosaur could be supported
even at smaller velocity U ~ 30 m/s. The capacity-

efficiency of pterosaur can be estimated as follows:
Cp,=U/ky ~35/35=1 (provided its body shape
was laminar and unseparated, and the drag on the
body can be neglected in comparison with the drag
on the wings). This value is even smaller than for
albatross, i.e. the pterosaur did not need any special
metabolic power to be airborne.

During takeoff the velocity is much smaller
than in the cruising flight and it is difficult to support
the weight. The problem is solved by increasing the
angle of attack and by changing direction of the
thrust on flapping wing of airborne animals. Since
the stall angle (at which the lift force attains its maxi-
mum and cannot be increased due to separation) is
limited, the optimal angle of attack must be as
small as possible to ensure takeoff at low velocities
(in comparison with the cruising one). With the use
of (19) the optimal angles of attack can be estima-
ted as 4.9 and 5.3 degrees for the pterosaur and al-
batross respectively. It means that their takeoff cha-
racteristics are similar, provided both animals have
nice shaped wings with large enough stall angles.

A high takeoff velocity could be an additional
limitation for the wing aspect ratio. The commercial
efficiency increases with increasing of A, (see (17),

(32), (33)). On the other hand, the optimal angle
of attack also increases. E.g., for Antonov An-225

“Mriya” o ~3.3° At Ay =50 a vehicle with
the same value of Reynolds number would have
~ 7.9°. This fact once again shows the impor-

opt,tur

QLopt,tur
tance of using unseparated airfoil profiles in order
to increase the stall angle of attack.
Capacity-efficiency of vehicles and animals. 1Let
us estimate first the capacity-efficiency of neutral
buoyant vehicles and aquatic animals (their buoyancy
coefficient o is close to 1.0) with the use of for-
mula (15) and the Froude number Fr;. The values
are shown in Fig. 8 by circles (small markers cor-
respond to vehicles, middle markers — animals, big
markers — male champions sport activity). It can be
seen regular increase of the capacity-efficiency ver-
sus the Froude number. The experimental values are
in good agreement with the theoretical estimation
Cp,=U/k =~ 0.00543UFrz, which follows from (36)

and is shown by lines for different values of hull/body
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Fig. 8. Capacity-efficiency (m/s) versus Froude number Fr; for aquatic (“crosses” and “circles”), terrestrial and airborne (“stars”)

animals and vehicles. Theoretical estimations based on (36) are presented by lines /—3 for D/L = 0.278, 0.1, and 0.05 res-

pectively

thickness ratio D/L and v ~1.3-10° m?/s. Since

eq. (36) corresponds to the minimum of the volu-
metric drag coefficient on the slender unseparated
body of revolution (V =V, ) and the maximal

value of the weight-to-drag ratio k, the shown lines
correspond to the vehicles and animals with the
maximum commercial efficiency. Since vehicles
and animals have individual values of D/L and

the temperature of water changes, the same charac-
teristic was calculated for every object and pre-
sented in Fig. 8 by crosses.

It can be seen that in the case of animals the
difference between real (“cirles”) and theoretical
(“crosses”) values of Cp is much smaller than for

vehicles, and the real values for animals are mostly
higher than the theoretical ones (especially for small
enough animals with the length smaller than esti-
mation (28) or (29), e.g., juvenile shortnose stur-
geon, american eel, male swimming and rowing).
Thus, we can conclude that shapes of the aquatic
animals can be close to the optimal laminar unsepa-
rated ones. E.g., the highest values of C, corres-

pond to juvenile blue shark (8.5 m/s) and flying
fish (7.4 m/s) and the case V <V,,. Larger ani-

mals (V' >V, ) have smaller values of capacity-effi-
ciency and their theoretical characteristics exceed the

real ones (e.g. sailfish, swordfish, blue whale, great
white shark).
The values of Cp for the best swimming ani-

mals can be much greater than for vehicles and
approach C, ~ 8.5 for the unseparated vehicle with

the mass, velocity and volume equal to ones of the
supercavitating torpedo Shkval ([41], the estimation
o~ 0.26 was used in (14) and (26)). According to
the formula (34) the capacity-efficiency of small
enough supercavitating vehicles can be estimated as
Cp ~0.1aU(h+ 10)V~'? and equals 44 m/s and 58 m/s

for the torpedo Shkval moving at depth 5 and 10 m
respectively. These high values of Cj; are related to

the low values of the commercial efficiency. Accor-
ding to (34) 1/k ~ 0.1a(h +10)V "3, and yields 0.44
and 0.58 for the torpedo Shkval moving at depth 5
and 10 m respectively. Such as low commercial effi-
ciency estimations can be obtained for common
torpedoes Spearfish [42], and Mark 48 [43], with
the values 1/k ~0.69 (a~0.93) and 1/k ~0.32

(o =~ 0.79) respectively (formula (33) and k&, =10
were used).
Formula (14) was used to estimate the capacity-

efficiency of the male champions running and air-
borne animals and vehicles moving in air. The results
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are presented in Fig. 8 by “stars”. In comparison
with the aquatic animals, the values of C; are not

so much dependent on the Froude number. E.g.,
the male run champion has the efficiency
Cy =U/ky =028 m/s (Fr; ~2.4), the same value
of efficiency can be obtained for cheetah (Fr; ~ 8.4),

and 0.2 m/s fore hare (1) (see velocity and friction
coefficient data in previous section).

The capacity-efficiency values for the human
sport activity show that we are much effective run-
ners than swimmers. E.g., for male freestyle swim-
ming Cp =~ 0.0067 m/s and Cp ~0.0034 m/s on

distances 50m and 800m (world records). Assuming
the same metabolic rate during some fixed period
of activity (this value diminishes with the increase
of duration of activity), we can conclude that humans
can covert their muscles energy in running velocity
much better than in the case of swimming. It is ex-
pectable, since humans were developed by evolution
as terrestrial animals. Better shaping can increase the
capacity-efficiency. We can see this comparing the
values for swimming and rowing Cjz =~ 0.051 m/s

(Lightweight Men Single, best time). It can be seen
that the low drag elongated shape of the racing boat
(and may be higher propulsion coefficient) allows
up to 10 times increase the efficiency of movement.

It must be noted that real values of the power-
to-weight ratio are much greater than the capa-
city-efficiency. For example, the maximum meta-
bolic rate of human athletes is approximately 2.9 m/s
(28 W/kg) [16] and is 10 times greater than the
capacity-efficiency of 100 m running. Similar large
differences occur in the case of submarines (see [4])
and for the Formula One car (its power-to-weight
ratio is approximately 107 m/s). Such huge different-
ces can be explained by non-optimal shape and small
value of the locomotion coefficient n.

Conclusions
Simple analytic formulae and computational
results were obtained for the drag coefficients, drag-

to-weight and power-to-weight ratios and were ap-

List of literature

plied for different terrestrial, aquatic and airborne
vehicles, animals and human sport activity. The criti-
cal Reynolds numbers of the laminar-to-turbulent
transition on slender unseparated shapes and corres-
ponding lengths of the wing chord and hull were
calculated. Obtained theoretical results can be used
in conceptual design of different vehicles. A reliable
estimation of the running drag coefficient was ob-
tained.

The obtained theoretical results show that there
is a rather large range of the volumetric Reynolds

number 10° < Re, < 103, where the use of unsepa-

rated shapes yields very substantial reduction of the
drag in comparison with the conventional bodies of
revolution. For the high-speed underwater motion

at Re, > 107, the supercavitating flow pattern can be

preferable. This drag reduction opens up prospects
for designing different kinds of effective airborne,
terrestrial and high-speed underwater vehicles. Both
for the unseparated and for supercavitating hulls,
the diameter-to-length ratio must be as small as
possible to achieve smaller values of the drag coef-
ficient and to increase the commercial efficiency.

It was also shown that the neutral buoyant
vehicles are more effective at small enough values
of the Froude number. In particular, an airship could
be more effective than a slow airplane (such as Solar
Impulse 2). The theoretical estimations of the criti-
cal Reynolds number showed that the laminar ve-
hicles and animal bodies are possible. The high ef-
ficiency of such shapes allows explaining the flight
of pterosaurs.

Since the most effective vehicles must have
very slender hulls and very elongated wings, further
investigation must be focused on the problems of
their strength and the stability in order to withstand
heavy longitudinal and transverse forces and to avoid
buckling.

1. http://www.extremetech.com/extreme/188752-chinas-supersonic-submarine-which-could-gofrom-shanghai-to-san-francisco-in-100-

minutes-creeps-ever-closer-to-reality

2. http://www.clubit.tv/2014/12/worlds-smallest-rc-drone-nano-quad-copter-2
3. Nesteruk 1. Rigid bodies without boundary-layer separation // Int. J. Fluid Mech. Res. — 2014. — 41. — P. 260—281. doi: 10.1615/

InterJFluidMechRes.v41.i3.50

4. Nesteruk 1., Passoni G., Redaelli A. Shape of aquatic animals and their swimming efficiency // J. Marine Biology. — 2014. —

Article ID 470715. doi: 10.1155/2014/470715



MATEPIANNO3HABCTBO TA MALLMHOBYYBAHHA 65

o 2 =

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.
43.

Savchenko Yu.N. Perspectives of the supercavitation flow applications // Int. Conf. SuperFAST 2008, July 2—4, 2008, St. Peters-
burg, Russia.

Nesteruk I. Drag drop on high-speed supercavitating vehicles and supersonic submarines // IlpukiagHa rigpoMexaHika. —
2015. — 17, Ne 4. — C. 52—57. — http://hydromech.org.ua/content/pdf/ph/ph-17-49%2852-57%29.pdf

Hoerner S.F. Fluid-dynamic drag. — N.J.: Midland Park, 1965. — 416 p.

Loitsyanskiy L.G. Mechanics of Liquids and Gases. — 6th ed. — New York and Wallingford: Begell House, 1995. — 961 p.
Garabedian P.R. Calculation of axially symmetric cavities and jets // Pac. J. Math. — 1956. — 6, Ne 4. — P. 611—684.
Hecmepyx I.T. Po3paxyHOK OIOpY TOHKMX KOHYCIiB 3 BUKOPHUCTAHHSIM IPYroro HaOJVXKeHHs s (DOPMU YTBOPEHUX HUMU
kaBepH // INpuknanHa rinpomexanika. — 2003. — 5 (77), Ne 1. — C. 42—46.

Nesteruk 1. Drag effectiveness of supercavitating underwater hulls // Supercavitation / I. Nesteruk, Ed. — Springer, 2012. —
P. 79—106.

Nesteruk 1. On the shape of a slender axisymmetric cavity in a ponderable liquid // Fluid Dynamics. — 1979. — 14, Ne 6. —
P. 923—927. doi: 10.1007/BF01052000

Nesteruk I. Some problems of axisymmetric cavitation flows // Fluid Dynamics. — 1982. — 17, Ne 1. — P. 21-27. doi: 10.1007/
BF01090694

Nesteruk 1. Influence of the flow unsteadiness, compressibility and capillarity on long axisymmetric cavities // 5th Int. Sym-
posium on Cavitation, 2003, Osaka, Japan.

Gabrielly Y., von Karman Th. What price speed // Mech. Eng. — 1950. — 72, Ne 10. — P. 775—779.

Saibene F., Minetti A.E. Biomechanical and physiological aspects of legged locomotion in humans // Eur. J. Appl. Physiol. —
2003. — 88. — P. 297—316. doi: 10.1007/s00421-002-0654-9

Nesteruk 1. Reserves of the hydrodynamical drag reduction for axisymmetric bodies // Bulletin of Kiev University. Ser. Physics &
Mathematics. — 2002. — Ne 1. — P. 112—118.

Seifert A., Greenblatt D., Wygnanski 1.J. Active separation control: an overview of Reynolds and Mach numbers effects //
Aerosp. Sci. Technol. — 2004. — 8. — P. 569—582. doi: 10.1016/j.ast.2004.06.007

Goldschmied F.R. Integrated hull design, boundary layer control and propulsion of submerged bodies: Wind tunnel verification //
Proc. AIAA/SAE/ASME 18th Joint Propulsion Conf., 1982. — P. 3—18.

Choi K.-S., Jukes T. N., Whalley R. Turbulent boundary-layer control with plasma actuators // Phil. Trans. Royal Soc. —
2011. — 369. — P. 1443—1458. doi: 10.1098/rsta.2010.0362

Landau L. D., Lifshits E. M. Fluid Mechanics. — 2nd ed. — Butterworth-Heinemann, 1987. — Vol. 6. Course of Theoretical
Physics. — 552 p.

Hecmepyx I.I. OcobnuBocTi TypOyJizallii Ta BiipMBY MPUMEXOBOTO IIapy Ha TOHKMX OCECMMETPUYHUX TO3BYKOBUX Tijlax //
Haykosi Bicti HTYY “KIII”. — 2002. — Ne 3. — C. 70—76.

Buraga O.A., Nesteruk 1., Savchenko Yu.N. Comparison of slender axisymmetric body drag under unseparated and supercavita-
tional flow regimes // Int. J. Fluid Mech. Res. — 2006. — 33, Ne 3. — P. 255—264. doi: 10.1615/InterJFluidMechRes.v33.i3.40
Hecmepyk I.T. YacTkoBa KaBiTallist Ha BUIOBXeHMX Tinax // IMpuknagHa rimpomexanika. — 2004. — 6 (78), Ne 3. — C. 64—75.
Lorant M. Investigation into high-speed of underwater craft // Nautical Magazine. — 1968. — 200, Ne 5. — P. 273—-276.

Sprott J.C. Energetics of walking and running. — http://sprott.physics.wisc.edu/technote/walkrun.htm
http://www.speedofanimals.com/animals/bottlenose _dolphin

https://en.wikipedia.org/wiki/Automobile drag_coefficient

https://en.wikipedia.org/wiki/Eco-Runner_Team_Delft

https://en.wikipedia.org/wiki/Aptera_2_Series

https://en.wikipedia.org/wiki/Formula_One_car

https://en.wikipedia.org/wiki/Antonov_An-225_Mriya

https://en.wikipedia.org/wiki/Lift-to-drag_ratio

https://en.wikipedia.org/wiki/Solar_Impulse

https://en.wikipedia.org/wiki/Underwater_glider

https://en.wikipedia.org/wiki/Hybrid_Air_Vehicles. HAV_304_Airlander_10
https://www.sciencedaily.com/releases/2009/05/090507194511.htm
http://animals.nationalgeographic.com/animals/birds/albatross/

https://en.wikipedia.org/wiki/Albatross

Templin R.J., Chatterjee S. Posture, locomotion, and paleoecology of pterosaurs. — Boulder, Colorado: Geological Society of
America. — 2004. — P. 56—60.

https://en.wikipedia.org/wiki/VA-111_Shkval

https://en.wikipedia.org/wiki/Spearfish_torpedo

http://www.wow.com/wiki/Mark_48 torpedo



66

Haykosi BicTi HTYY "KMnI" 2016 /6

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.
22.

23.

24.
25.
26.
27.
28.
29.
30.
31
32.
33.
34.

References

China’s Supersonic Submarine, which could go from Shanghai to San Francisco in 100 Minutes, Creeps ever Closer to Reality
[Online]. Available: http://www.extremetech.com/extreme/188752-chinas-supersonic-submarine-which-could-gofrom-shanghai-
to-san-francisco-in-100-minutes-creeps-ever-closer-to-reality

Worlds Smallest RC Drone Nano Quad Copter [Online]. Available: http://www.clubit.tv/2014/12/worlds-smallest-rc-drone-
nano-quad-copter-2/

I. Nesteruk, “Rigid bodies without boundary-layer separation”, Int. J. Fluid Mech. Res., vol. 41, no. 3, pp. 260—281, 2014.
doi: 10.1615/InterJFluidMechRes.v41.i3.50

I. Nesteruk et al., “Shape of aquatic animals and their swimming efficiency”, J. Marine Biology, article ID 470715, 2014.
doi: 10.1155/2014/470715

Yu.N. Savchenko, “Perspectives of the supercavitation flow applications”, in Proc. Int. Conf. Superfast Marine Vehicles Moving
Above, Under and in Water Surface (SuperFAST’2008), 2—4 July 2008, St. Petersburg, Russia.

I. Nesteruk, “Drag drop on high-speed supercavitating vehicles and supersonic submarines”, Applied Hydromechnics, vol. 17,
no. 4, pp. 52—57, 2015. Available: http://hydromech.org.ua/content/pdf/ph/ph-17-4%2852-57%29.pdf

S.E. Hoerner, Fluid-Dynamic Drag. Midland Park, N.J, 1965.

L.G. Loitsyanskiy, Mechanics of Liquids and Gases, 6th ed. New York, Wallingford: Begell House, 1995.

P.R. Garabedian, “Calculation of axially symmetric cavities and jets”, Pac. J. Math., vol. 6, no. 4, pp. 611—684, 1956.

I. Nesteruk, “Drag calculation for slender cones using the second approximation for created by them cavities”, Applied
Hydromechanics, vol. 5, no. 1, pp. 42—46, 2003 (in Ukrainian).

I. Nesteruk, “Drag effectiveness of supercavitating underwater hulls”, in Supercavitation, 1. Nesteruk, Ed. Springer, 2012,
pp. 79—106.

I. Nesteruk, “On the shape of a slender axisymmetric cavity in a ponderable liquid”, Fluid Dynamics, vol. 14, no. 6, pp. 923—927,
1979. doi: 10.1007/BF01052000

I. Nesteruk, “Some problems of axisymmetric cavitation flows”, Fluid Dynamics, vol. 17, no. 1, pp. 21—27, 1982. doi: 10.1007/
BF01090694

I. Nesteruk, “Influence of the flow unsteadiness, compressibility and capillarity on long axisymmetric cavities”, in Proc. 5th
Int. Symposium on Cavitation (Cav2003), Osaka, Japan, 2003.

Y. Gabrielly and Th. von Karman, “What price speed?”, Mechanical Eng., vol. 72, no. 10, pp. 775—779, 1950.

F. Saibene and A.E. Minetti, “Biomechanical and physiological aspects of legged locomotion in humans”, Eur. J. Appl.
Physiol., vol. 88, pp. 297—316, 2003. doi: 10.1007/s00421-002-0654-9

I. Nesteruk, “Reserves of the hydrodynamical drag reduction for axisymmetric bodies”, Bulletin of Kiev University. Ser. Physics
& Mathematics, no.1, pp. 112—118, 2002.

A. Seifert et al., “Active separation control: an overview of Reynolds and Mach numbers effects”, Aerosp. Sci. Technol., vol. 8,
pp. 569—582, 2004. doi: 10.1016/j.ast.2004.06.007

F.R. Goldschmied, “Integrated hull design, boundary layer control and propulsion of submerged bodies: Wind tunnel verifica-
tion”, in Proc. AIAA/SAE/ASME 18th Joint Propulsion Conf., pp. 3—18, 1982.

K.-S. Choi ef al., “Turbulent boundary-layer control with plasma actuators”, Phil. Trans. Royal Soc., vol. 369, pp. 1443—1458,
2011. doi: 10.1098/rsta.2010.0362

L.D. Landau and E.M. Lifshits, Fluid Mechanics, 2nd ed., vol. 6, Course of Theoretical Physics. Butterworth-Heinemann, 1987.

I. Nesteruk, “Peculiarities of turbulization and separation of boundary-layer on slender axisymmetric subsonic bodies”,
Naukovi Visti NTUU KPI, no. 3, pp. 70—76, 2002 (in Ukrainian).

O.A. Buraga et al., “Comparison of slender axisymmetric body drag under unseparated and supercavitational flow regimes”,
Int. J. Fluid Mech. Res. vol. 33, no. 3, pp. 255—264, 2006. doi: 10.1615/InterJ FluidMechRes.v33.i3.40

I. Nesteruk, “Partial cavitation on long bodies”, Applied Hydromechanics, vol. 6, no. 3, pp. 64—75, 2004 (in Ukrainian).

M. Lorant, “Investigation into high-speed of underwater craft”, Nautical Magazine, vol. 200, no. 5, pp. 273—276, 1968.

J.C. Sprott. Energetics of Walking and Running |Online]. Available: http://sprott.physics.wisc.edu/technote/walkrun.htm
Bottlenose Dolphin Tursiops Truncatus [Online]. Available: http://www.speedofanimals.com/animals/bottlenose_dolphin
Automobile Drag Coefficient [Online]. Available: https://en.wikipedia.org/wiki/Automobile_drag_coefficient

Eco-Runner Team Delft [Online]. Available: https://en.wikipedia.org/wiki/Eco-Runner_Team_Delft

Aptera 2 Series [Online]. Available: https://en.wikipedia.org/wiki/Aptera_2_Series

Formula One Car [Online]. Available: https://en.wikipedia.org/wiki/Formula_One_car

Antonov An-225 Mriya [Online]. Available: https://en.wikipedia.org/wiki/Antonov_An-225_ Mriya

Lift-to-Drag Ratio |Online]. Available: https://en.wikipedia.org/wiki/Lift-to-drag_ratio

Solar Impulse [Online]. Available: https://en.wikipedia.org/wiki/Solar_Impulse



MATEPIANNO3HABCTBO TA MALLMHOBYYBAHHA 67

35.  Underwater Glider |Online]. Available: https://en.wikipedia.org/wiki/Underwater_glider

36.  Hybrid Air Vehicles HAV 304 Airlander 10 [Online]. Available: https://en.wikipedia.org/wiki/Hybrid_Air_Vehicles. HAV_304
Airlander_10

37.  Flight of The Bumble Bee is Based More on Brute Force than Aerodynamic Efficiency [Online]. Available:
https://www.sciencedaily.com/releases/2009/05/090507194511.htm

38.  Albatross [Online]. Available: http://animals.nationalgeographic.com/animals/birds/albatross/

39.  Albatross |Online]. Available: https://en.wikipedia.org/wiki/Albatross

40. R.J. Templin and S. Chatterjee, Posture, locomotion, and paleoecology of pterosaurs. Boulder, Colorado: Geological Society of
America, 2004, pp. 56—60.

41.  VA-111 Shkval [Online]. Available: https://en.wikipedia.org/wiki/VA-111_Shkval

42.  Spearfish Torpedo [Online]. Available: https://en.wikipedia.org/wiki/Spearfish_torpedo

43.  Mark 48 Torpedo |Online]. Available: http://www.wow.com/wiki/Mark 48 torpedo

I.[. Hectepyk

EQEKTUBHICTb CTAJIOIO PYXY TA il BODOCKOHANEHHA 3 BUKOPWCTAHHSM BE3BIOPUBHOIO TA CYMEPKABITA-
LINHOIO PEXXUMIB OBTIKAHHSA

Mpo6nemaTtuka. EpekTnBHICTL CTanoro 403ByKOBOro pyxy TpaHCMNOPTHWUX 3acobiB i TBApWH Yy MOBITPi Ta BOAi OLHIOETBCS 3a A0-
NOMOrot0 Pi3HUX KoedilieHTIB onopy, CniBBiAHOLLEHb Onip—Bara Ta NoTyXHiCTb—Bara.

MeTa pocnigxeHHsi. BoockoHaneHHs BKasaHUX XapaKTEPUCTUK i3 BUKOPWUCTaHHAM crneuianbHuX opm KopryciB Ta Kpun, Lo
yCyBaloTb BiApVB NPUMEXOBOIO LIapy, Ta 3 BUKOPUCTAHHSM CyrnepKaBiTaLiliHOro pexumy obTikaHHS 4151 BUCOKOLLUBUAKICHOTO pyxy Y BOAI.

MeToauka peanisauii. AHaniTMYHI Ta YNCMOBI OLIHKM 3 BUKOPUCTaHHSM BiAOMWX pe3ynbTaTiB AN 06TikaHHA TOHKOro 6e3BiapuB-
Horo Tina obepTaHHs 1 aepoAMHaMiYHOro Npodinto Ta Ans CTanoro cynepkasiTaliniHOrO pexuMy oBTiKaHHS.

Pe3ynbTatn pocnipkeHHA. OTpuMaHO MPOCTi aHaniTUYHi hopMynu Ans edpeKTUBHOCTI pyxy, KPUTUYHMX yucen PenHonbaca
namiHapHO-TypGyneHTHOro nepexoay TOLO i 3aCTOCOBAHO iX ANS Pi3HWX HA3€MHUX, BOAHMX Ta MOBITPSAHUX TPAHCMOPTHMX 3acobis, TBa-

PWH | CMOPTMBHOT aKTUBHOCTI Mtogen. Y AOCUTb LUMPOKOMY Aiana3oHi yncen PenHonbaca 106 <Rey < 108 BMKOPUCTaHHS Ge3BigpuUBHUX

0pM A€ iCTOTHE 3HWXKEHHSI Onopy MOPIBHSHO 3i 3BMYHMMMU Tinamu obepTaHHs. Y Bodi npu Rep > 107 nepesarn Mae cynepkasiTalinHum
4

pexvm obTikaHHS.

BucHoBKW. 3a3HayeHe 3HWXKEHHS OMopy BiAKPMBAE MEPCNeKTUBU NPOEKTYBAHHSA Pi3HWX TUMIB AyXe edeKTUBHMUX MOBITPSHUX Ta
BVCOKOLUBUIKICHMX MiABOAHMX TPAHCMOPTHUX 3acobiB.

KnroyoBi cnoBa: 6e3BiapuBHI (hopMuK; 3MEHLLEHHS OMopy; NamiHapHO-TypOyneHTHUIA nepexia; cynepkasiTauisi; CniBBigHOLLEHHS
onip—Bara; criBBiAHOLLEHHS MOTYXHiCTb—Bara.

W.T". Hectepyk

QPOEKTMBHOCTb YCTAHOBMBLUEITOCA AOABWMXXEHMA M EE COBEPLUEHCTBOBAHWME C WCMOJIbSOBAHVEM BE3-
OTPbIBHOIO 1 CYNEPKABUTALMOHHOIO PEXKMMOB OBTEKAHUA

Mpo6nemaTtuka. dHHEKTUBHOCTb YCTONYMBOIO [O3BYKOBOrO ABWXEHWNS TPAHCMOPTHBLIX CPEACTB M XUBOTHBIX B BO3AyXe W BoAe
OLIEHVBAETCSl C MOMOLLbI Pa3NUYHbIX KO3(PULMEHTOB COMPOTMBIIEHUS, COOTHOLLEHWI A COMPOTUBMEHWE—BEC W MOLLHOCTb—BEC.

Lenb uccnegoBaHusi. CoBepLUEHCTBOBAHME YKa3aHHbIX XapaKTepUCTWK C MUCMOSIb30BaAHWEM CreLManbHbIX OpM KOPMycoB U
KpblIIbEB, KOTOPbIE YCTPAHAT OTPbIB NOrPaHUYHOIO CrOsi, U C UCMONb30BaHMEM CynepKaBUTALMOHHOIO pexuma obTekaHust Ansi BbICO-
KOCKOPOCTHOTO [BUXEHUS B BOJE.

MeToauka peanusaumu. AHanUTUYECKNE U YNCTIEHHBIE OLEHKM C WCMONb30BaHWEM W3BECTHBIX Pe3ynbTaToB Afls O0GTeKaHUs
TOHKOro 6e30TPLIBHOrO Tena BpalleHUsi U a3poAMHaAMUYECcKoro Npocuns U ANs YyCTaHOBMBLLErOCs CynepkaBUTaLMOHHOTO pexuma o6-
TeKaHus.

Pe3ynbTaTthl uccnegoBaHus. MonyyeHbl NPOCTbie aHaNUTUYECKUe hopMyrbl Anst 3PEKTUBHOCTU ABWKEHUS, KPUTUHECKUX YK-
cen PeltHonbAca nammHapHo-TypGyneHTHOro nepexoga v T.4., ¥ NPUMEHEHbI AN Pas3nuyHbIX HAa3eMHbIX, BOAHbLIX U BO3AYLUHbIX TPaHC-

MOPTHBIX CPEACTB, KMBOTHBIX U CMOPTUBHOW aKTUBHOCTU NoAeil. B JocTaTouHO WMpokom AnanasoHe yucen PeliHonbaca 100 < Rey < 108
ncnonb3oBaHe 6e30TPbIBHLIX (hOPM AaeT CYLLECTBEHHOE CHWXEHME COMPOTMBIIEHNS MO CPaBHEHMIO C 0BbIYHBIMM TeniamMmn BpaLLeHus.
B Boge npu Rey > 107 npenMyLLIecTBa UMeET CynepKaBUTALMOHHBIV PEXNM 0BTEKaHUS.

BbiBOAbI. [JaHHOE CHWXEHMEe COMPOTUBIEHUS OTKPbIBAET MEepCrneKkTUBbl NMPOEKTUPOBAHUSA Pa3fUYHbIX TUMOB OYeHb dddeKTuB-
HbIX BO34YLHbIX U BbICOKOCKOPOCTHbIX NOABOAHbIX TPAHCMNOPTHbLIX CPeacTB.

KnioueBble cnoBa: 6630prIBHbIe OPMbI; YMEHbLLEHWNE CONPOTUBIEHUS; J'IaMVIHapHO-TypGyJ'IeHTHbIVI nepexon; cynepkasuta-
LnA; COOTHOLLIEHME conpoTuBiieHne—BeC; COOTHOLEeHNe MOLLHOCTb—BeC.

PexomenmoBana Panoto Haniitinuia no penakiii
MEeXaHiKO-MalIMHOOYIiBHOTO (haKyJIbTETy 31 xoBtHs 2016 poky
HTYY “KIII im. 1. Cikopcbpkoro”
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