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Background. An increasing interest in unmanned underwater vehicles continues to draw attention to swim-
ming in aquatic animals. Their high speed continues to surprise researchers. In particular, the high dolphin
speed caused a series of attempts to explain its paradox, which continues to this day. Some researchers
believe that even rigid bodies, shaped like water animals, provide an attached flow pattern, as opposed to
the widespread view of the inevitable separation. The possible explanation may be in the perfect body form,
which provides an attached flow pattern (without boundary layer separation). Elongated unseparated shapes
can not only reduce the pressure drag but also delay the laminar-to-turbulent transition in the boundary
layer, significantly reducing the friction drag. Thus, the highest possible swimming speeds are expected in
aquatic animals.

Objective. We will try to prove that the low drag and the high speed of aquatic animals can only be ensured
by their unseparated shape (as a rigid body), neglecting flexibility and compliance.

Methods. We will use: a) shape calculations of special bodies of revolution with negative pressure gradients
near the tail similar to fish trunks with the use of the developed before approach; b) the known drag estimations
of such shapes for laminar and turbulent cases; ¢) the swimming power balance and the theory of ideal pro-
peller; d) statistical analysis of available data about the length, the speed and the aspect ratio of aquatic animals.
Results. The swimming speed of most aquatic animals is proportional to the length of the body in power 7/9.
The exception is whale locomotion that occurs in turbulent mode at supercritical Reynolds numbers.
Conclusions. The perfect body shapes of most aquatic animals provide an attached laminar flow pattern. Esti-
mated maximum speeds for laminar and turbulent cases show that the special shaped unseparated hulls can
greatly increase the speed of underwater vehicles and SWATH ships. Further increase in speed can be achieved
by using supercavitation and greater than animal capacity-efficiency.

Keywords: water animal locomotion; drag reduction; unseparated shapes; cavitation; high-speed underwater
vehicles.

Introduction

An increasing interest in unmanned underwater
vehicles continues to draw attention to swimming in
aquatic animals. At one time, the high speed of the
dolphin surprised Gray [1] and caused a series of at-
tempts to explain his paradox, which continues to this
day [2—6]. In particular, some researchers believe
that even rigid bodies, shaped like water animals, pro-
vide an attached flow pattern [7—12], as opposed to
the widespread view of the inevitable separation [13].
Elongated unseparated shapes can not only reduce
the pressure drag but also delay the laminar-to-tur-
bulent transition in the boundary layer, significantly
reducing the friction drag [10, 11, 14]. Thus, the
highest possible swimming speeds are expected in
aquatic animals. In order to investigate their depend-
ence on the body length, a kind of theoretical and
statistical analysis was carried out. Maximal speeds
for the attached laminar and turbulent hulls were es-
timated and compared with supercavitating ones.

Materials and Methods

Calculations of the special shaped bodies of
revolution

Special shaped rigid bodies of revolution simi-
lar to some fish shapes were calculated with the use
of distributions of the sources and sinks on the axis
of symmetry. The stream function of the axisym-
metric potential flow of the inviscid incompressible
fluid was represented as follows [15, 9]:

W(x,r)=0.52+ Biu(x:) —0.75E{al F; (x+) — F(0)]
+a [ [ () — F(x)]+ 2(ax + 2¢)[ F5 (%) — F5(0)]
+2a,(x ~ DI/ - F(x)l},

B, = 0.75E[ax? + dcx. —ay(x= —1)*],

u(s) = Jrz +(s—x)%,

F(s) = 2u’(s)/3,

F(s) = 0.5(s — x)u(s) + 0.5¢*In[s — x + u(s)].
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Here x,r are cylindrical coordinates. The cor-
responding axisymmetric body radius R(x), flow
velocity components v, v, and pressure coefficient

on the surface were calculated with the use of
following equations:

W, R0)) =0, v, =¥ o, L1O¥
r or r ox
C,(x) = % — 1,23, R(6) - v, 2(x, RO3)).

Here P and P, are pressures on the body sur-
face and in the ambient flow respectively, U is the

speed of steady motion, p is the density of water.
Varying the values of constant parameters x«, a, a, ¢

different closed (R(L)=0) and unclosed (R(L) > 0)

shapes can be obtained (L is the body length). The
links between these parameters are discussed in [9],
but every new shape calculation needs some nu-
merical experiments.

Calculation results for different values of the
aspect ratio L = L/D (D is the maximal body diam-
eter) are shown in Fig. 1. Some other examples can
be found in [9, 10, 12]). The pressure distributions
on these bodies have a negative pressure gradient
near the tail (see dashed lines representing the pres-
sure coefficient Cp).
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Figure 1: Special shaped bodies of revolution. Radius R (solid lines) and pressure coefficient Cp (dashed lines) versus dimensionless

axis coordinate x/L

Unseparated unclosed body UA-2 (L/D = 3.52; red lines). Closed bodies: UA-4.5¢ "Albacore" (L/D = 4.5; dark blue lines); UA-5.9¢c
"Blue shark" (L/D =5.9; blue lines); UA-12.4c "Sailfish" (L/D = 12.4; green lines); UA-33.3c "Largehead hairtail" (L/D = 33.3;
magenta lines). Unclosed body UA-23.3 (L/D = 23.3; brown lines)



154

Shapes with similar pressure distributions near
the trailing have been calculated [16] and tested in
wind tunnels [9, 12, 17, 18]. In particular, Gold-
schmied body [17] revealed the attached flow pat-
terns only with the use of boundary layer suction. In
comparison, the tests of UA-2 body showed unsep-
arated flows without any boundary layer control
methods [9, 12]. Thus, we expect that similar slen-
der bodies (e.g., shown in Fig. 1) can also ensure
attached flows due to their special rigid shape only.
In this paper, we do not consider the drag reduction
connected with flexible shapes (as, e.g., in [1]) or
animal body compliance (as, e.g., in [19]). In order
to use the theoretical drag estimations, presented in
the next Section, we will also limit our study to only
sufficiently slender bodies (L/D >4 or D/L <0.25).

Drag estimations on slender unseparated bodies
of revolution

To estimate laminar frictional drag on a slender
unseparated body of revolution, we can use the
Mangler—Stepanov transformations [20], which re-
duce the rotationally symmetric boundary-layer
equations to a two-dimensional case. Coordinate x
for the rotationally symmetric boundary-layer (cal-
culated along the body contour) and the corres-
ponding two-dimensional coordinate x, flow velo-
city at the outer edge of the boundary layer, the dis-
placement thickness and the skin-friction coefficient
are related as follows [20]:

X = Rz(é)dg, ﬁout = Uout>

Oy =

. (1)
* 1)
=— =7, R(x).
R(X) ’ TW TW (x)
All the values in (1) are dimensionless, based

on the body length L, the ambient flow velocity U,

and 0.5pU£; dashed values correspond to 2D

boundary layer. These equations are valid for an ar-
bitrary rotationally symmetric body provided that
the thickness of the boundary layer is small in com-
parison with the radius, i.e. the flow has to be un-
separated. For a slender body, the coordinate x can
be calculated along the body's axis and the velocity
U, can be supposed to be equal to unity, neglect-

Ol
ing the thickness of the boundary layer and the pres-
sure distribution peculiarities [21]. From the second

equation (1) the value of (70ut will also be equal to

unity, i.e., the rotationally symmetric boundary
layer on a slender body can be reduced to the flat-
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plate one [10, 14, 22]. According to the Blasius so-

lution T, = 0.664(x) /2 Re;'/? for a laminar flow,

where the Reynolds number Re;, =U_L/v and v

is the kinematic viscosity [20]. Introducing the vari-
able x and using (1) yields the following formula
for the laminar skin-friction drag coefficients of a
slender rotationally symmetric body [10, 14]:

2X ‘
T 2n£ R(x)r,, (x)dx
4.172 x 2
- R?(x) { j Rz(g)d&} dx
0 0

JReL

8344 |V )
nl’ Re;

With the use of dimensionless values based on
the body volume V, (2) can be rewritten as follows [10,
11, 14]:

1/3
47 e, UV 3

,/ReV T v

Note that the volumetric frictional drag coeffi-
cient C, does not depend on the slender body shape

provided its volume remains constant. This is valid
for laminar attached boundary layer and at limited
Re,, only.

Eq. (3) was compared with the Hoerner for-
mula [23] for the total laminar drag X on standard
bodies of revolution (e.g. ellipsoids):

2X
U’s

CV:

Cs = Call +1.5(D/ L)1+ 0.11(D/ L),

C. - 1.328 @
7 JRe, '

(5'is the body surface area). Good agreement occurs
for slender shapes when the term 0.11(D/L)* (con-
nected with separation) can be neglected (see upper
dashed lines in Fig. 2).

For a turbulent boundary layer, Hoerner pro-
posed another empirical formula [23]:

0.0307
R )

L

C, =C,[L+1.5(D/L)** +7(DIL)’], C, =

Egs. (4) and (5) were used to estimate the drag
on standard bodies of revolution with the values D/L
coinciding with ones for the closed special shaped
bodies of revolution shown in Fig. 1. Dashed lines
in Fig. 2 represent the results of these calculations.
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Figure 2: Volumetric drag coefficient versus volumetric Reynolds number for standard (dashed lines) and special shaped (solid lines)

bodies of revolution

Laminar (upper dashed lines, (4)) and turbulent (lower dashed lines, (5)) drag coefficients for standard bodies with L/D=4.5 are
presented by dashed dark blue lines; L/D =5.9 — blue lines; L/D =12.4 — green lines; L/D=33.3 — magenta lines. Solid lines
represent drag estimations for special shaped bodies shown in Fig. 1: unseparated unclosed body UA-2 (L/D = 3.52; red line); closed
bodies UA-4.5c "Albacore" (L/D = 4.5; dark blue line), UA-5.9c "Blue shark” (L/D = 5.9; blue line), UA-12.4c "Sailfish" (L/D =12.4;
green line), UA-33.3¢ "Largehead hairtail" (L/D = 33.3; magenta line); unclosed body UA-23.3 (L/D = 23.3; brown line). Markers
show the experimental data for standard ("stars", [17]) and other special shaped bodies of revolution ("circles"): red — "Dolphin”
body [2] (L/D = 3.33), blue — Goldschmied body [17] (L/D = 2.9), dark blue — Hansen&Hoyt body [24] (L/D =4.5). Typical values
of volumetric Reynolds numbers calculated in [10] are shown by names

To find the critical Reynolds number for the
laminar-to-turbulent transition in the boundary
layer on the slender unseparated bodies of revolu-
tion, the Tollmin—Schlichting—Lin theory [13] and
Mangler—Stepanov transformations [20] were used
in [10, 11, 14]. The boundary-layer on a flat plate re-
mains laminar for any frequencies of disturbances, if

U 0,
\Y

Re

Taking into account the Blasius expression for
displacement thickness [20] & = 1.721(x)"? Rezl/ 2,
this inequality can be rewritten as follows:

JXRe, <244.04.

And with the use of (1), the condition for
the axisymmetrical boundary-layer to remain lami-
nar can be written as follows [10, 11, 14]:

Re; TRz(a)dg < 59558. (6)
0

If the Reynolds number is small enough and
inequality (6) holds on the entire body surface (x =1
in (6)), we can calculate the friction drag according
to (2) and obtain formula (3). Otherwise, the bound-
ary layer remains laminar only on the nose part of

the body surface (on the interval 0 <& < x). For the
interval x <& <1 we can use eq. (5) without the

term 7(D/L)%, since our bodies are expected to be
unseparated. Solid lines in Fig. 2 represent the re-
sults of calculations for special shaped bodies of
revolution shown in Fig. 1.

Results

Locomotion with the use of attached flow patterns

The power balance for a steady horizontal mo-
tion at speed U of an animal or vehicle of weight Mg
can be written as follows:

gnMg = XU (7)
where ¢ is the power per unit weight used for loco-
motion; n (0 <m<1) is the propulsion efficiency;
the hydrodynamic drag X can be expressed with the
use of volumetric drag coefficient Cy:

X =0.5C,pU V3, (8)

Since values g and n are limited, the maximal speed

can be achieved at small drag coefficients, in partic-
ular, without any boundary layer separation. The
trunks of best swimming animals ensure such at-
tached flow patterns [7, 8].
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Table 1: Theoretical estimations of the drag and maximal speed for the laminar and the turbulent axisymmetric unseparated hulls

No. Characteristic Laminar flow

Turbulent flow

4.7 (9a)

1’Rel/

1 Drag coefficient Cy =

Cy ~ const =~ 0.01 (9b)

: 1/3
Maximal speed ~ 0a (V% o (2qng o 13
2| at constant n U=07Ugme)™| | ~L (10a) U= < V2~ L77 (10b)
Maximal speed
3 P U~ /0 (13a) U~ 13 (13b)

The theoretical estimations of C,, for laminar

and turbulent cases are shown in Table 1 (line 1).
Formulas (9a) and (9b) are in good agreement with
Hoerner’s formula for laminar drag on slender ellip-
soids and for the friction drag in developed turbulent
flow respectively (see Fig. 2). With the use of as-
sumption of neutral buoyancy (M =pV), egs. (7),
(8), (9a), and (9b) yield estimations of the maximal
speed at fixed values of the propulsion efficiency n
(see Table 1, line 2). Formulas (10a), (10b) illustrate
that the maximal speed weakly increases with the
body or hull length. Both relationships differ from the
known linear dependence (e.g., burst swimming cor-
responds to speeds of circa 10 body lengths per sec-
ond for sub-carangiform fish of between 10 and
20 cm in length [25]). Later we will try to estimate
the speed-to-length dependence with the use of sta-
tistical information about water animals (see Tables
A, B, and C).

Mechanisms of thrust creating and their effi-
ciency can be very different [26, 27]. To take into
account the probable dependence n(L), we will use

here the theory of ideal propeller [28] and corre-
sponding formula:

he— 2 c.__ 2T
=, (= ——
1+\/1+CT pUzAdisc

where T=X is the thrust; Ay is the area of an

ideal propeller. At small values of the thrust coeffi-
cient C;, n—1 and formulas (10a) and (10b) can

be used. If C >>1, egs. (11) yield

2PAd'
— l] 1SC .
N \J T

For the neutral buoyant case (M = pV’) putting
eq. (12) into (7), we obtain:

204
qu\/% =T; T =p(gVg)*(2Ay)">.

n

(12)

Then with the use of (8) and T=X:
G U =2Q245,.)" (ag)* .

Finally, taking into account (9a) and (9b) and
assuming Ay ~ I? and V ~ I’ we obtain estima-

tions of the maximal speed for the case of an ideal
propeller with C; >>1 (see Table 1, line 3). In com-

parison with (10a), dependence (13a) is much closer
to the linear one. For the turbulent flow pattern,
formulae (10b) and (13b) yield the same weak in-
crease of the speed versus length.

Statistical analysis of the speed-to-length depen-
dence for aquatic animals

If we assume that

U = kL? (14)

(in such dependences we will measure the swimming
speed in m/s and body length in m), then
u=Ink+p/ (u=InU, [ =InL). We can treat /

and u as random variables and use linear regressi-
on, [29], to estimate constant parameters k£ and p
for the aquatic animal locomotion. A similar statis-
tical approach was used in [30] to link animal speeds
with tail beat amplitude and frequency. The length
and speed values available in the literature and in-
ternet are shown in Tables A, B, and C and in Fig. 3.
The results of the statistical analysis are presented in
Table 2. We have not used the information about
flying animals, human swimming, animals with
non-slender trunks (D/L > 0.25) and with the an-
guilliform propulsion, in order to check our assump-
tions about unseparated body shapes and estimations
presented in Table 1.

Application of a multiple regression for animals

represented in Table B (without whales) yields:
U ~ 8.43L0'775(D/L)0'113 (15)

(the number of observations »n =79; the number
of parameters in the regression m = 3; the regression
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Figure 3: Speed versus length dependences

Animals are shown by green markers for Table A; dark blue markers for B; magenta — for C; red — for whales from tables B and C.

"Stars" correspond to the cases L/D < 4 or animals with the anguilliform propulsion; "triangles" —

to flying animals, "circles" —

to human swimming; all these three cases do not participate in the statistical analysis. Black markers represent vehicles ("stars" —
underwater or SWATH, "squares" — floating, "circles" — human rowing shells, "triangle" — Hydrofoil craft PTS 150 MK III).
Regression results are represented by straight lines (green for Table A; dark blue for B (without whales); magenta for C (without
whales); red short line — for whales from tables B and C). Blue line represents the linear regression based on all the animal information
from Tables A, B, and C (without whales). Bold black line represents the maximum speed for the laminar flow pattern (eq. (16)); bold
red line — for the turbulent one (eq. (21b)). Commercial efficient speeds are shown by dashed yellow and red lines for laminar and
turbulent unseparated hulls respectively. Critical speeds for the laminar flow (19) are shown by the black dashed lines for L/D =4, 10,

and 30. Brown line represents the critical velocity U = 4.72JL

Table 2: The results of statistical analysis for animals represented in Tables A, B, and C

. Experimental value
Source of Coeﬁicwms of Fisher function | Critical value of
statistical | Number of | . in eq. (14) #2(n - m) Fisher function
No. | information | observation fici = 5 , |for the confidence| F/F:
about (animals) n coctficient r [ =r")(m -1 level 0.01
animals p k m=12

1 | Table A 35 0.865 0.983 5.015 98.09 F(1,33) =747 | 13.1
Table B

2 | without 79 0.843 0.777 6.88 188.46 F.(1,77) = 6.98 27
whales
Table C

3 | without 18 0.572 0.650 6.41 7.77 F(1, 16) = 8.53 | 0.91
whales
Total
without

4 | whales, 132 0.850 0.850 6.01 337.02 F(1, 130) = 6.9 | 48.8
Tables A,
B, and C
Whales,

5 | Tables B 6 0.536 0.682 1.18 9.79 F(1,4)=212 0.46
and C
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coefficient »=0.964; the value of the Fisher func-
tion F=493.2 and its critical value F:(2, 76) = 4.9
at the confidence level 0.01). It can be seen that the
most reliable estimations (the highest values of F/F:)
correspond to the animals from Table B (see Table 2,
line 2), total data (line 4) and formula (15). The
corresponding values of the power coefficient p are
very close to the theoretical value 7/9 from eq. (13a).
Unfortunately, we do not have enough information
about whales to check dependencies (10b), (13b),
and (14) (see Table 2, line 5). It must be noted that
standard assumption about the drag proportionality
X ~U? (e.g., it corresponds to the constant volu-
metric drag coefficient, see eq. (8)) leads to a very
weak speed versus length dependence U ~ I/ (see
(10b) and (13b)), which is not supported by ani-
mals data.

Estimations of the maximal speed for the laminar
flow pattern

Since the dependence U = kL'/° is substanti-
ated both theoretically and statistically, we can use
it to estimate the maximal speed in the laminar flow.
For this purpose it is enough to find the maximal
value of the coefficient &, i.e. the maximum of the

ratio U /L’"° . The calculations are presented in Ta-
bles A, B, and C. It can be seen that the maximal
value of this ratio — 28.6 m*/°/s — corresponds to

the juvenile Blue shark (C, line 28). Thus, the max-
imal speed for laminar flow pattern can be estimated
from the equation:

U ~28.6L7° (16)
The black bold line represents dependence (16)
in Fig. 3.

Estimations of the commercial efficient speed

Formulae (16) allow us to estimate the maxi-
mal speed of animals or well shaped vehicles with
effective locomotion, which can be achieved only
for short periods of time (in particular, this velocity
corresponds for un-aerobic processes in animals).
To achieve the maximal range at fixed amount of
energy accumulated on board or in body, we need
to maximize the weight-to-drag ratio W/X [11, 31].
For neutral buoyancy (W = Mg = pVg), formula (8)

yields X /W =0.5C,U? V"3 /g. Then with the use

of (9a), (9b) and the volume estimation for the special
shaped closed unseparated bodies of revolution [10]

2
P
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(with the average value y = 0.285), we can calculate

the commercial efficient speed for the attached lam-
inar and turbulent cases at different values W/X. The
corresponding lines are shown in Fig. 3 by dashed
yellow (laminar case) and red (turbulent case) lines
for W/X=150; D/L=0.1; v=10°m%s. It can be
seen that laminar commercial effective velocities are
much lower than the maximal ones, but whale
speeds are close to the commercial efficient one.
Very small speed of underwater glider (see Fig. 3,
Table C, 47) ensures its high commercial efficiency.
In Fig. 3, the brown line represents the critical ve-

locity U = 472L corresponding to the drastic in-
crease of the wave drag for ships (vehicles floating
on the water surface) [32].

Speed limit for the laminar flow pattern

Formulae (16) demonstrate that speed can in-
crease rather fast with the length of proper shaped
laminar unseparated vehicle with effective propul-
sion. Nevertheless, the use of (16) is limited, since
fast and large vehicles (and also animals, e.g., whales)
cannot ensure a laminar boundary layer on the entire
surface. The corresponding critical Reynolds number
was estimated in [10, 11, 14]:

« UL 59558z

R 18
€L " % (18)

Egs. (17) and (18) show that slenderer bodies
ensure higher values of the critical Reynolds number
(see also [10, 11, 14] and points of bifurcation in
Fig. 2). Taking into account (17) and (18) the crit-
ical velocity can be found:

v(LY
U =634-10°=| = 19
L[ D] (19)
(for v=0.285). At lower speeds a slender special

shaped unseparated body of revolution ensures the
laminar boundary layer. Dependences (19) are
shown in Fig. 3 by black dashed lines for different

values of the aspect ratio L/D and v=1.3-10"°.
Putting (16) into (19), we obtain U, <U;ax,
where

U = 2312971/ D)8, (20)

Relationship (20) demonstrates that the maxi-
mal possible velocity with the pure laminar flow pat-
tern is independent on length and that the increase
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of the aspect ratio L/D allows increasing the vehicle
speed. In particular, for L/D >28, a vehicle with a
special shaped unseparated hull could exceed the
speed 100 m/s.

Eq. (20) was used to calculate the maximum
possible speed for the pure laminar flow pattern at

v =1.3-10°m?/s. The results are shown in Tables B
and C. Since all the analysis is valid for L/D>4,
: 20.7 m/s. Thus all the veloci-

eq. (20) yields U, 2

ties in Table A are lower than U;ax.
valid for the animal data presented in Table C. In
Table B there are only three exceptions: Atlantic
bluefin tuna, Swordfish and Black marlin (lines 93,

95, and 98).
Maximal speed for the turbulent flow pattern

The same is

For the developed turbulent flow, we can esti-
mate the maximal speed with the use of (9b), (10b)
and the highest value the capacity-efficiency
Cy =¢gn [10, 11]. According to the data presented

in Table C, the maximum Cp =gn =8.5m/s corres-

ponds to the juvenile Blue shark (C-28), see also [11].
Then

U, ~255V"° ~22.3"*(D/L)**;

. (21a, b)
U, ~16.41".

Eq. (21a) demonstrates that the maximal pos-
sible velocity weakly increases with the length and
diminishes with the increase of the aspect ratio.
Since our analysis is not valid at D/L > 0.25, we used

D/L=0.25 to obtain the maximal possible value of
speed (eq. (21b)) and to show it in Fig. 3 by the bold
red line. For Swordfish and Black marlin (B-95, 98)
formula (21a) yields values 23.5 and 25.2 m/s respec-
tively which are much smaller than presented in
Table B and estimation (20).

Discussion

High-speed underwater options: attached flow or
supercavitation

High speeds can cause cavitation in water,
since the local pressures and cavitation number

__28(h+10)

o (22)

decrease (here we neglected the pressure inside the
cavity in comparison with the atmospheric pressure,
corresponding to the water column of 10 m, 4 is the
depth of steady motion in meters). The simplest way
to estimate the critical speed of the cavitation in-

ception Ué is to put in (22) o= —Cfpmi“) [33, 34],
where C§™" is the minimum value of the pressure
coefficient on the vehicle surface. Dependences

Ué(h) are shown in Fig. 4 for special shaped bodies

of revolution presented in Fig. 1. It can be seen that
animal velocities presented in Tables A, B and C do
not exceed the corresponding values for cavitation in-
ception on their trunks. This issue, as well as the cav-
itation inception on fish fins, was discussed in [35].
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Figure 4: Critical speeds UE s U; and U 2 in m/s versus the depth of steady horizontal motion / in meters

Critical speed of cavitation inception Ué for different bodies: UA-2 (L/D=3.52; red line); UA-4.5¢ "Albacore" (L/D=4.5; dark
blue line); UA-5.9¢ "Blue shark" (L/D = 5.9; blue line); UA-12.4c¢ "Sailfish" (L/D = 12.4; green line); UA-33.3c "Largehead hairtail"
(L/D = 33.3; magenta line); UA-23.3 (L/D = 23.3; brown line). Black solid and dashed lines represent critical speeds U; and Uz

respectively
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Decreasing the cavitation number leads to the
formation of large enough supercavities, which can
cover hulls and thereby reduce the friction drag (see
Fig. 4 and [36—38]). For the disc cavitator (a part
of the hull wetted by water) and when the entire
cavity volume is used to locate the hull (as shown in
lower pictogram in Fig. 4), the volumetric pressure
drag coefficient can be estimated as follows [37]:

Inc?
-3 ~C
—16Inc  ”

2X,

- (23)

CVP

(Xpr is a pressure drag). Formula (23) illustrates that
C, <0.01 at 6<0.05. The same estimations are

valid for slender cavitators [37], i.e. we can have
smaller drag than on unseparated hulls of the same
volume with the turbulent boundary layer (see

(10b)). The corresponding critical speed U ; is cal-

culated by putting into (22) o = 0.05 and shown in
Fig. 4 by the solid black line.
Eq. (23) demonstrates that approximate de-

pendencies are valid: C, ~ o*3 ~ U3 (according

to (22)) and X ~ U2/3 (according to (8)). It means
that drag on supercavitating vehicles reduces with
the increase of speed (when the hull volume is fixed,
but its shape changes to be located in the corre-
sponding cavity). This much unexpected conclusion
was also confirmed by the results given in [38] for
sub- and supersonic speeds.

The supercavitating hulls using the cavity volume
completely (see lower pictogram in Fig.4) must
have the aspect ratio L/D coinciding with the A for
the cavity, which increases with the diminishing of the
cavitation number approximately as A ~ 1/\/3 [39].
Since the strength and stability of rigid hulls cannot
be ensured at very large L/D values, the applications
of the supercavitating flow pattern shown in lower
pictogram and formula (23) is limited.

It is possible to use only the nose part of the
cavity in order to locate the hull with a fixed value
of A as shown in upper pictogram. The correspond-
ing values of Cj, are larger than (23) but small
enough to ensure high speeds of supercavitating ve-
hicles (see details in [37]). In particular,
C, <5-10* at 5<0.005 for hulls with A > 20.
Thus, the supercavitating flow pattern can ensure
the lower drag in comparison with the slender spe-
cial shaped unseparated bodies (e.g., shown in Fig.
1) with a laminar boundary layer (see Fig. 2). The

corresponding critical speed U z is calculated by

putting into (22) o = 0.005 and shown in Fig. 4 by
the dashed black line.
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In the velocity region Uy <U < U , the ad-

vantages of the laminar unseparated hulls over su-
percavitating ones are limited by two circumstances.
First, the length and the volume of the laminar un-
separated hulls are limited (see (19) and black
dashed lines in Fig.3). Second, corresponding

speeds exceed U, é and the problem of cavitation in-

ception must be solved. Probably, unseparated
shapes can delay also the cavitation inception. Some
theoretical considerations are available in [33, 40].
Experiments presented in [41, 42] demonstrate that
cavitation started at the region of the boundary layer
separation.

Speed limitations for supercavitation

Supercavitation requires compensation of the
vehicle weight since its hull moves in gas (as in the
case of aircraft, see Fig. 4). It can be implemented
by using wings or by hull planning on the cavity sur-
face (with the lift force Yw =W). Corresponding ad-
ditional drag Xw limits the advantages of supercavi-
tation [37]. In particular, the additional capacity-
efficiency [11]:

Agn) =U/ky, ky =Yy /Xy

increases linearly with the speed and exceeds the es-
timation Cp =¢n=8.5 m/s (juvenile Blue shark) at

U >200 m/s and ky <23.5. Modern supersonic

aircrafts use fuels with high values of the specific
impulse ¢ and may have much higher capacity-effici-
ency. In particular, the C; value of Lockheed SR-71

Blackbird (the fastest air breathing aircraft [43]) can
be estimated as 253 m/s (cruising speed 917 m/s,
X/ W= T/W = 3.6). Taking this value as a maximum
possible for modern technologies, we can use (7),
(8), and (24) to estimate the maximum speeds of
supercavitating vehicles
GU® U _ M
qn _WJFE <253 m/s, p _p_V' (25)

24)

Inequality (25) demonstrates that faster vehi-
cles must have smaller values of drag coefficient Cj,

and larger values of the volume, the average density
coefficient p and weight-to-drag ratio.

Let us estimate capacity-efficiency of supercav-
itationat V' =1 m?, k, =10, p =3, #=5 m for two
different speeds: 250 m/s and 1000 m/s. Corre-
sponding values of the cavitation number are 0.0047
and 0.00029 (see (22)), and C, =5- 10* and

C, ~10™* (see [37]) respectively. Then eq. (25)
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yields gn ~ 158 m/s and gn =~ 1800 m/s respectively.

It can be seen that inequality (25) does not hold at
higher speed 1000 m/s, but it is possible to achieve
this speed for large vehicles with ¥ > 1500 m®. Thus,
the idea of a superfast supercavitating submarine
does not look utopian [38].

Conclusions

As shown by theoretical and statistical analysis,
the perfect body shapes of most aquatic animals pro-
vide an attached laminar flow pattern. The swim-
ming speed of these animals is proportional to the
length of the body in power 7/9. The exception is
whale locomotion that occurs in turbulent mode at
supercritical Reynolds numbers.

161

Estimated maximum speeds for laminar and
turbulent flow patterns show that the special shaped
unseparated hulls can greatly increase the speed of
underwater vehicles and SWATH ships. Further
increase in speed of underwater motion can be
achieved with the use of supercavitating hulls and
greater than animal capacity-efficiency.
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Supplementary tables

Table A: Fish data extracted from [44] and calculations

Body lengths were calculated with the use of speed and U/L data presented in [44]. The data corresponding to jumping are eliminated.
"Non-slender" animals (with D/L > 0.25) are labeled by "star" and are not used in statistical analysis

Primal information Calculations
No. Name Speed U Ratio U/L Body length u/L'?
(m/s) (s™) L (m) (m?/%/s)
1 2 3 4 5 6
1 Carp 0.59 5.2 0.113 3.21
2 | Carp 0.52 5.2 0.100 3.12
3 Carp 0.22 5.2 0.042 2.57
4 | Bleak 0.50 10.0 0.050 5.14
5 Chub* 0.24 2.0 0.120 1.25
6 Sea trout 0.92 2.7 0.341 2.13
7 | Mackerel 0.81 3.2 0.250 2.36
8 | Twaite shad 0.75 2.5 0.300 1.91
9 | Perch 0.66 3.6 0.183 2.47
10 | Meagre 1.13 3.8 0.297 2.90
11 | Whiting 0.23 1.3 0.177 0.88
12 | Bib or Pout 0.55 3.3 0.167 2.22
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Table A continuation

1 2 3 4 5 6

13 | Grey mullet 0.61 2.3 0.265 1.71
14 | Rudd 1.14 6.0 0.190 4.15
15 | Lesser Weever* 0.40 1.8 0.222 1.29
16 | Hake 0.79 3.5 0.226 2.51
17 | Pike 1.48 3.9 0.379 3.14
18 | John Dory* 0.30 1.6 0.188 1.10
19 | Trout 3.50 10.0 0.350 7.92
20 | Salmon 4.79 6.4 0.748 6.00
21 | Salmon 4.95 5.8 0.853 5.60
22 | Salmon 6.00 8.0 0.750 7.50
23 | Tuna 19.67 13.4 1.468 14.59
24 | Gold fish* 0.51 6.4 0.080 3.63
25 | Salmon 0.22 4.0 0.054 2.09
26 | Salmon 0.17 4.0 0.042 1.97
27 | Salmon 0.13 4.0 0.032 1.87
28 | Southern ground shark 5.21 3.4 1.533 3.74
29 | Southern ground shark 4.05 39 1.039 3.93
30 | Spotted jewfish* 1.74 1.8 0.965 1.79
31 | Lemon shark 2.44 1.3 1.876 1.49
32 | Barracuda 12.19 9.4 1.300 9.96
33 | Pike 2.10 12.7 0.165 8.51
34 | Pike 1.50 7.5 0.200 5.24
35 | Carp 1.70 12.6 0.135 8.07
36 | Rudd 1.30 5.9 0.220 4.22
37 | Dace 1.70 9.2 0.185 6.32
38 | Red gurnard 0.47 2.4 0.196 1.67
39 | Black bass 0.88 4.1 0.215 291
40 | Gurnard* 1.31 5.0 0.262 3.71
41 | Norway haddock* 0.98 3.6 0.272 2.70
42 | Western sucker* 3.23 9.8 0.330 7.66
43 | Rainbow trout 1.70 8.5 0.200 5.94

Table B: Water animal data presented in Aleyev's book [7] and calculations

Speed values are extracted form Reynolds number data presented in [7] and v =1.3- 1076 m?/s, corresponding to the water temperature
approximately 10 °C. Unfortunately, there is no information in [7] which value of viscosity was used to calculate the Reynolds number.
The whales are marked in red; their statistical analysis was carried out separately. Flying animals are marked in blue, animals with the
anguilliform propulsion — in yellow. Their data and "Non-slender" animals (with D/L > 0.25) are not used in statistical analysis.

Corresponding species are labeled by "star”". Speeds exceeding the estimation (20) are shown in magenta

Primal information Calculations
. Bod Speed . 7/9 *
No. Species lengt¥1 U I()m/ s) RDatlLo v/l Unax
L (cm) /L | (m*°/s) | Eq. (20)
] 2 3 4 5 6 7
1 Sagitta setosa Muell 2.2 0.40 0.06 8.76 71.2
2 Lebistes reticulates Peters 2.5 0.60 0.23 10.57 22.2
3 Gambusia affinis holbrooki Girarb 2.0 0.75 0.20 15.72 25.1
4 Xiphophorus maculatus Guenth* 4.0 0.70 0.28 8.56 18.7
5 Ostracion tuberculatus 1.* 12.0 0.25 0.34 1.30 15.8
6 Mollienisia velifera Reg.* 4.4 0.75 0.29 8.51 18.2
7 Leucaspius delineatus Heck 6.0 0.70 0.17 6.24 29.0
8 Clupeonella delicatula delicatula Nordm. 7.8 0.64 0.16 4.65 30.6
9 Glasterosteus aculeatus L. 9.0 0.70 0.20 4.55 25.1
10 Xiphophorus helleru Heck. 8.8 0.79 0.22 5.23 23.1
11 Gymnammodytes cicerellus Raf. 10.3 0.88 0.07 5.16 63.0
12 | Atherina bonapartei Boulenger 9.1 0.99 0.14 6.39 34.3
13 Chaetodon striatus L.* 12.0 0.92 0.27 4.79 19.3
14 Atherina mochon pontica Eichw. 12.2 0.98 0.14 5.03 34.4
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Table B continuation

1 2 3 4 5 6 7

15 Sprattus sprattus phalericus Risso 12.0 1.0 0.12 5.20 39.3
16 | Atherina hepsetus L. 13.5 0.96 0.13 4.56 36.7
17 Carassius auratis L.* 12.5 1.60 0.28 8.06 18.7
18 Spicara smaris L. 18.0 1.11 0.22 4.21 23.1
19 Carassius carassius L.* 20.0 1.10 0.28 3.85 18.7
20 | Alosa caspia nordmanni Antipa 16.5 1.33 0.16 5.40 30.6
21 Engraulis encrasicholus ponticus Alex 14.0 1.78 0.16 8.21 30.6
22 Zeus faber pungio Val.* 27.3 0.99 0.27 2.72 19.3
23 Scardinius erythrophthalmus L. 22.0 1.32 0.22 4.29 23.1
24 Sardina pilchardus Walb. 14.5 2.07 0.17 9.29 29.0
25 Labrus viridis L. 32.1 1.15 0.21 2.78 24.1
26 Perca fluviatilis L. 24.0 1.67 0.22 5.07 23.1
27 Sciaena umbra L. 28.0 1.50 0.22 4.04 23.1
28 Serranus scriba L. 22.0 2.00 0.20 6.49 25.1
29 Rutilus rutilus L. 24.0 2.00 0.20 6.07 25.1
30 | Alosa kessleri pontica Eichw. 27.9 1.79 0.16 4.83 30.6
31 Leuciscus leuciscus L. 20.2 2.68 0.18 9.30 27.6
32 Clupea harengus pallasi Val. 28.0 2.00 0.17 5.38 29.0
33 Odontogadus merlangus euxinus Nordm. 47.1 1.70 0.18 3.05 27.6
34 Abramis brama L. 60.0 1.50 0.23 2.23 22.2
35 Cyprinus carpio carpio L. 50.0 2.00 0.21 3.43 24.1
36 Belone belone euxini Giinth. 50.4 1.98 0.05 3.37 84.6
37 Enhybrina schistosa Daud.* 90.0 1.22 0.03 1.32 132.2
38 Umbrina cirrosa L. 42.0 2.85 0.22 5.60 23.1
39 Salmo trutta labrax m. fario L. 25.0 4.80 0.15 14.11 32.3
40 | Anguilla anguilla 1.* 100.8 1.48 0.05 1.47 84.6
41 Mugil auratus Risso 41.4 3.62 0.19 7.19 26.3
42 | Mugil saliens Risso 40.0 3.75 0.18 7.65 27.6
43 Gadus morhua macrocephalus Til. 72.0 2.50 0.18 3.23 27.6
44 Mola mola L.* 200.0 1.00 0.30 0.58 17.6
45 Loligo vulgaris Lam. 26.5 7.55 0.14 21.21 34.4
46 Todarodes sagittatus Lam. 48.3 4.14 0.14 7.29 34.4
47 Symplectoteuthis oualaniensis 1ess. 45.2 4.42 0.14 8.20 34.4
48 Todarodes pacificus Steenst. 40.2 4.98 0.11 10.12 42.4
49 Loligo forbesi Steenst. 333 6.01 0.14 14.14 34.4
50 lllex coindeti Vérany™* 26.1 7.66 0.12 21.77 39.3
51 Acipencer stellatus Pall. 140.0 1.43 0.12 1.10 39.3
52 Sphyraena sphyraena L. 42.1 4.75 0.10 9.31 46.1
53 Stizostedion lucioperca L. 60.0 4.0 0.17 5.95 29.0
54 Hirundichthys rondeletii Cuv. et Val.* 24.0 10.42 0.14 31.62 34.4
55 Chelonia mydas 1.* 154 1.95 0.30 1.39 17.6
56 Eretmochelys imbricata L.* 71.0 4.22 0.33 5.51 16.2
57 Caretta caretta L.* 126 2.38 0.37 1.99 14.7
58 Salmo trutta L. 60.5 4.96 0.17 7.33 29.0
59 Scomber scombrus L. 50.0 6.0 0.18 10.29 27.6
60 Trachurus mediterraneus ponticus Aleev 56.0 6.07 0.18 9.53 27.6
61 Mugil cephalus L. 70.5 5.95 0.20 7.81 25.1
62 Squalus acanthias L. 120 3.50 0.14 3.04 34.3
63 Acipenser gueldenstaedti colchicus V. Marti 150 3.0 0.16 2.19 30.6
64 Trichiurus lepturus L. 150 3.0 0.03 2.19 132.2
65 Pygoscelis adeliae Hombron and Jacquinot 70.0 7.15 0.23 9.44 22.2
66 | Eudyptes chrysolophus Brandt 69.6 7.18 0.24 9.52 214
67 | Auxis thazard Lac. 52.1 9.60 0.20 15.94 25.1
68 Pomatomus saltatrix L. 99.0 6.06 0.17 6.11 29.0
69 Huso huso L. 200 4.00 0.17 2.33 29.0
70 Dermochelys coriacea 1.* 160 6.25 0.32 4.34 16.7
71 FEsox lucius L. 103.4 9.67 0.14 9.42 34.4
72 Sarda sarda Bl. 73.2 13.66 0.20 17.41 25.1
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Table B continuation

1 2 3 4 5 6 7
73 Pagophoca groenlandica Erxl. 197 6.09 0.22 3.59 23.1
74 Salmo salar L. 111.5 10.76 0.19 9.89 26.1
75 Salmo trutta labrax Pall. 98.8 12.15 0.17 12.26 29.0
76 Phocoena phocoena L. 128 10.94 0.21 9.03 24.1
77 | Arctoceptalus pusillus Schreb. 200 8.00 0.19 4.67 26.3
78 Thunnus alalunga Bonnat. 89.0 17.98 0.22 19.69 23.1
79 Sphyraena barracuda Walb. 130 15.38 0.13 12.54 36.7
80 Sphyrna zygaena L. 199 10.05 0.16 5.88 30.6
81 Stenopterygius quadriscissus Quenst. 210 10.0 0.19 5.61 26.3
82 Dephinus delphis ponticus Barab. 178.5 15.12 0.21 9.63 24.1
83 Scomberomorus commersoni Lac. 120 25.0 0.15 21.69 323
84 Thunnus obesus Lowe 195 15.38 0.25 9.15 20.7
85 Thunnus albacora Lowe 150 20.67 0.21 15.08 24.1
86 | Acanthocybium solandri Cuv. et Val. 150 21.33 0.12 15.56 39.3
87 Coryphaena hippurus L. 181 18.78 0.16 11.84 30.7
88 Prionace glauca L. 403 9.92 0.17 3.35 30.0
89 Globicephalus melas Traill 450 11.33 0.21 3.52 24.1
90 Tetrapturus belone Raf. 175.5 29.63 0.08 19.13 56.1
91 Tursiops truncatus Montagu 350 15.43 0.20 5.82 25.1
92 Istiophorus platypterus Show and Nodder 183 33.33 0.10 20.83 46.1
93 Thunnus thynnus L. 300 25.0 0.23 10.64 22.2
94 Balaena mysticetus L.*

95 | Xiphias gladius L. 356 30.90 0.19 11.51 26.3
96 Physeter catodon L.

97 Orcinus orca L.* 800 15.0 0.26 2.98 20.0
98 Makaira indica Cuv et Val. 450 35.55 0.18 11.04 27.6
99 | Balaenoptera physalus L.

100 | Balaenoptera musculus L.

101 | Balaenoptera borealis Less

Table C: Animal and vehicle data available in internet and calculations

For animals the speed and length values are mostly extracted from [45]; D/L — from [7]; for Swordfish and Black marline their rostrum
is taken into account to calculate D/L (neglected in [7]). The same information was used in [11]. The whales are marked in red; their
statistical analysis was carried out separately. Flying fish is marked in blue, eel (with the anguilliform propulsion) — in yellow, human
sport activity — in magenta. Their data and "non-slender" animals (with D/L > 0.25) are not used in statistical analysis. Corresponding

species are labeled by "star”. The vehicles are labeled by "double star". The maximal value of U/ /% is marked in green

Primal information Calculations
No. Name Length ; I()f;e/i) Ratio U/ U [*nax
1 2 3 4 5 6 7
1 | Human (dolphin kick)* 2.34 2.30 0.20 1.19 25.1
2 | Submarine Collins class (diesel-electric)** 77.42 10.83 0.10 0.37 46.1
3 Submarine Virginia class (nuclear)** 115.0 12.78 0.09 0.32 50.6
4 | Great white shark 6.40 11.11 0.20 2.62 25.1
5 | Green jack* 0.22 1.03 0.31 3.33 17.1
6 | Juvenile Shortnose sturgeon 0.19 0.34 0.14 1.22 34.4
7 Bottlenose dolphin 3.0 9.72 0.21 4.14 24.1
8 | American ecel* 1.0 1.08 0.05 1.08 84. 6
9 | Barracuda 1.20 12.20 0.17 10.59 29.0
10 | Blue whale
11 | Bluefin tuna* 2.0 19.40 0.26 11.32 20.0
12 | California sea lion* 2.20 6.00 0.28 3.25 18.7
13 | Chinstrap penguin* 0.68 8.97 0.32 12.11 16.7
14 | Common octopus 0.75 11.10 0.17 13.88 29.0
15 | Emperior penguin®* 1.20 2.08 0.33 1.81 16.2
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Table C continuation

1 2 3 4 5 6 7
16 | Flying fish (Cypselurus californicus)* 0.50 15.69 0.13 26.90 36.6
17 | Great white shark 4.80 11.11 0.20 3.28 25.1
18 | Humpback whale

19 | Killer whale 5.80 13.42 0.23 3.42 22.2
20 | Mako shark 2.80 13.90 0.21 6.24 24.1
21 | Sailfish (platypterus) 3.00 30.56 0.10 13.00 46.1
22 | Sea otter 1.40 2.50 0.25 1.92 20.7
23 | Striped marlin 3.50 22.50 0.15 8.49 32.3
24 | Swordfish (D/L with rostrum) 2.10 26.90 0.15 15.11 32.3
25 | Tiger shark 3.80 8.89 0.19 3.15 26.3
26 | Wahoo 2.00 21.40 0.12 12.48 39.3
27 | Saltwater Crocodile 6.17 7.80 0.10 1.89 46.1
28 | Juvenile Blue shark 0.60 19.20 0.18 28.57 27.6
29 | Blue shark (adult) 2.00 10.94 0.18 6.38 27.6
30 | Supercavitating torpedo "Shkval"** 8.20 100.0 0.07 19.46 63.0
31 | Torpedo Mark 48** 5.79 28.34 0.09 7.23 50.6
32 | Torpedo Spearfish** 7.00 41.67 0.08 9.17 56.1
33 | GHOST SWATH ship** 18.60 16.00 0.07 1.65 63.0
34 | Sea Fighter (FSF-1) (SWATH)** 79.90 28.33 0.05 0.92 84.6
35 | USS Wisconsin ** 270.0 16.90 0.12 0.22 39.3
36 | "Titanic" ** 269.1 10.80 0.10 0.14 46.1
37 | Clipper "Sovereign of the Seas"** 76.80 11.40 0.18 0.39 27.6
38 | Oil Tanker—Mont** 458.45 8.33 0.15 0.07 32.3
39 | Francisco High-Speed Ferry** 99.0 26.65 0.03 0.75 132.2
40 | Hydrofoil craft PTS 150 MK I1T** 43.22 18.78 0.33 1.00 16.2
41 | "Harmony of the Sears"** 362.12 11.83 0.13 0.12 36.7
42 | Rowing LM1x Lightweight Men Single** 7.90 4.96 0.03 0.99 126.0
43 | Rowing LM4x Lightweight Men 4** 11.78 5.84 0.04 0.86 110.1
44 | Male swimming 800 m freestyle* 1.88 1.77 0.20 1.08 25.0
45 | Male swimming 50 m freestyle* 1.95 2.38 0.20 1.42 25.1
46 | Black marline (D/L with rostrum) 4.65 29.20 0.16 8.84 30.6
47 | Sea glider** 1.80 0.25 0.17 0.16 29.0

I.I". HecTepyk

MAKCUMAJBbHA WBUAKICTb NIABOAHOIO PYXY

Mpo6nemaruka. 3pocTatuunii iHTepec go 6e3ninoTHUX NiABOAHMX TPAHCNOPTHMX 3acobiB 3yMOBIOE NMOCUIMEHHS yBaru A0 NnaBaHHS
BOAHVX TBAapWH. IXHS BUCOKA LIBUAKICTL NPOAOBXKYE AWBYBATW AOCMIAHUKIB. 30KpeMa, BenuKa LUBWAKICTb AenbdiHa BUKMMKaNna HU3KY
cnpo6 NosSICHUTY Liel Napagoke, WO TPUBAKTh | AOHUHI. [leski 4oCnigHWKM BBaXaloTb, O HABITb TBEPAi Tina, CXOoXi Ha BOAHUX TBApPWH,
3abe3neyvyoTb 6E3BIAPUBHUI pexmnM 06TikaHHs!, Ha BigMIHY Bif NOLUMPEHOro NOrnsiAy NPo HEMUHYYWIA BiApuUB. MOXMUBUM NOSICHEHHAM
Moxe byTu ineanbHa copma Tina, ska 3abeanevye obTikaHHS 6e3 BiApMBY NpPMMEXOBOro wapy. BuaosxeHi 6e3siapuBHi hopmmn MOXyTb
He TiMbK1 3MEHLIMTM onip TUCKY, ane ¥ 3aTpuMaTy namiHapHO-TypOyneHTHUIA nepexig y NPUMEXOBOMY Luapi, 3Ha4YHO 3MEHLUMBLUN ONip
TepTsa. TakuM YMHOM, OYiKYETbCS, O HaWbinbLULy MOXNVBY WWBUAKICTE NNaBaHHA MaloTb BOAHI TBAPUHW.

MeTta. Mu cnpobyemo [oBECTU, L0 HU3LKWI OMip Ta BENnuka LBMAKICTb BOAHWX TBApuH 3abe3nevyloTbes nuiue ixHbolo 6e3BiapynBHO
OopMOI0 (LLIO BBaXXaETbCS XOPCTKUM TiflOM), TOAi SK THYYKICTb | MOAATNMBICTb € HECYTTEBUMU (DaKTopamu.

MeTtopauka peanisauii. M1 6yaemo BukopuctoByBaTu: a) 064ncneHHs popmMu cnewianbHux Tin o6epTaHHS 3 Bif'€éMHUM rpafdieHTOM TUCKY
6insA xBoCTa, CXOXUX Ha Tynybu pub, i3 3acTocyBaHHSIM paHille po3pobrneHnx MeToauk; 6) BiAoMi OLiHKK onopy Takux hopM AN namiHap-
HUX | TYypOyneHTHWUX BUNaAKiB; B) eHepreTUYHUiA 6anaHc nnaBaHHs i TEOpIlo iAeanbHOro rBUHTA; I) CTAaTUCTUYHWIA aHari3 HasgsBHUX AaHUX
npo AOBXWHY, LUBUAKICTb | BUAOBXKEHHSA BOAHWX TBAPUH.

PesynbTatu. Bnakicte nnaBaHHA 6inbLIOCTI BOAHWMX TBApWH NPOMNOpUIiHa AOBXWHI Tina y cTenexi 7/9. BUHATOK CTaHOBWTL pPyX KUTIB,
Lo BiABYBaETLCH B TYPOYNEHTHOMY PeXUMi 3a HaAKPUTUYHKX Yncen PeliHonbaca.

BucHoBku. |geanbHi hopmu Tina GinblocTi BoAHUX TBapuH 3abe3nedyoTe 6e3BiapuBHe namiHapHe obTikaHHSA. OLiHKM MakcuMarnbHoT
LLIBWUAKOCTI PyXy AN naMiHapHOro i TypOyneHTHOro BunaakiB NokasyloTb, Lo 6e3BiapuBHI kopnycy creuianbHOi POpMM MOXYTb 3HA4YHO
36iNbLUNTY LWBMAKICTb MiABOAHMX TpaHCNopTHUX 3acobiB i SWATH-cyaeH. MNoaanblue 36inblUeHHs LWBUAKOCTI Moxe ByTu focsrHyTe 3a
paxyHOK BUKOPUCTaHHS cynepkasiTauii 3a 6inbLUOT, HiXX y TBApWH, NOTYXXHOCTi-eheKTUBHOCTI.

KnroyoBi cnoBa: nnaBaHHSA BOAHWX TBapWH; 3MEHLLEHHS onopy; 6e3BiapuBHi hopMu; KaBiTaLlisi; BUCOKOLUBMAKICHI NiABOAHI anapaTw.
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W.I". Hectepyk
MAKCUMAIIbHAA CKOPOCTb NOoABOOHOIO ABUXXEHUA

Mpo6nemartuka. PacTywmii nHTepec k 6ecnunoTHLIM NOABOAHBLIM annapaTtaM o6ycnaenvBaeT ycuneHne BHUMaHNs K NnaBaHUio BOAHbIX
XMBOTHbIX. VX BbICOKasi CKOpoCTb npogorkaeT yamBnsTb nccnepgosatenein. B yactHoctn, 6onbluas ckopocTb AenbdyHa Bbi3Bana psg
nonbITOK O6BACHUTL 3TOT NapaAoKC, KOTOpble NPOAOIKATCS U NO Cell AeHb. HekoTopble nccnegosaTteny CHMTalT, YTO Aaxe TBepable
Tena, Noxoxue Ha BOOHbIX XMBOTHbIX, 06ecneynBatoT 6e30TPbIBHbIV pexnM 06TekaHus, B OTNIYME OT pacrnpoCTPaHEHHOro B3rnsaa o
HensbexxHoM oTpbiBe. Bo3MOXHBIM 06bsicCHEHEM MOXeT GblTb naeansHas popmMa Tena, kotopasi obecneymBaeT o6TekaHne 6e3 oTpbiBa
NnorpaHN4YHoro crnos. YanmHeHHble 6e30TpbiBHbIE POPMbI MOTYT HE TOMbKO YMEHbLUNTL CONPOTMBIIEHUE AABMEHNS, HO U 3adepxaTtb Nna-
MWHapHO-TYpOYNeHTHBbIV Nepexof B NorpaHNYHOM Croe, 3Ha4YMTerNbHO CHMXas CONpoTMBIEHNE TpeHNns. Takum o6pa3om, OXUAAeTCs, YTO
HanbonbLLYI0 BO3MOXHYIO CKOPOCTb NiaBaHNA UMEOT BOAHbIE XKMUBOTHBIE.

Llenb. Mbl nonpobyem gokasaTtb, YTO HU3KOE COMPOTUBIEHME M Bonbluas CKOPOCTb BOAHbBIX XMBOTHLIX 06€CcnevmBaroTCs TOMbKO KX
6e30TpbIBHOM (HOPMOM (4TO CHUTAETCH KECTKUM TENOM), TOrAa Kak rmbKoCTb M NoAaTNMBOCTb ABNAIOTCA HE3HAYMTENbHbIMY hakTopamu.
MeToauka peanusaumnn. Mbl 6yaem ncnonb3oBath: @) BblMUCNEHWS hOPMbI CrieumarnbHbiX Ten BpalleHust ¢ oTpuuaTesbHbIM rpagueH-
TOM AaBreHns y XBOCTa, MOXOXUX Ha TynosuLLa pblb, C NpUMeHeHnem paHee pa3paboTaHHbIX METOANK; 6) N3BECTHbIE OLIEHKWN CONPOTMB-
neHuns Taknx opm AN nammHapHbIX U TypOYNeHTHbIX CnyvaeB; B) aHepreTnyeckui 6anaHc nnaBaHns u TeOpPUIO AeanbHOro BUHTA;
r) CTaTUCTUYECKMUI aHaNM3 UMEIOLLMXCS AAHHBIX O ANUHE, CKOPOCTW U YANUHEHNN BOOHbBIX XUBOTHbIX.

PesynbTatbl. CkOpOCTb MnaBaHMs GOMbIMHCTBA BOAHbBIX XXMBOTHBLIX MPOMOPUMOHanbHa AnvHe Tena B cteneHn 7/9. WcknioyeHne
COCTaBrisieT ABWKEHNE KUTOB, KOTOPOE NPONCXOANT B TYPOYNeHTHOM pexuMe Npu CBEPXKPUTUYECKUX Ymcnax PeliHonbAaca.

BuiBogbl. VneanbHble dopmbl Tena 6onblUMHCTBA BOAHBIX XMBOTHbIX 06ecneynBatoT 6e30TpbIBHOE NamyHapHoe obTekaHune. OueHkn
MaKCUMarnbHON CKOPOCTU ABWKEHWUS ANS TaMUHAPHOTO 1 TypOyNeHTHOro cryyaes NokasbiBatoT, YTO 6e30TpbIBHbIE KOpMyca creumanbHov
OpPMbI MOTYT 3HAYMTENbHO YBENWYUTb CKOPOCTb MOABOAHBLIX TPaHCMOPTHbIX cpeactB U SWATH-cypos. [anbHelwee yBennyeHvue
CKOPOCTU MOXeET ObITb JOCTUTHYTO 3a CHET UCMONb30BaHWS CynepkaBuTaLmm Npu 6onbLUel, YeM Y XMBOTHBIX, MOLLIHOCTU-3¢PheKTUBHOCTY.

KnioueBble crioBa: nnaBaHne BOAHbLIX XMBOTHbIX; CHKEHUE CONPOTUBEHUS; 6e30TPbIBHbIE (DOPMbI; KaBUTaLMS; BbICOKOCKOPOCTHbIE
noABoAHbIE annaparsi.



