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TESTING A SPECIAL SHAPED BODY OF REVOLUTION SIMILAR TO DOLPHINS TRUNK

Background. The high swimming velocities of some aquatic animals such as dolphins continue to attract great interest
of researchers. The friction drag of the dolphin, estimated with the use of turbulent friction coefficient of the flat
plate, was so high to declare that the dolphin should not be able to swim as fast as it does with the muscle power it
possesses. Some previous tests of the rigid bodies, similar to the animal shapes, and gliding dolphins revealed the at-
tached flow patterns. Nevertheless, the researchers connected with industrial applications believe that separation is in-
evitable on every smooth shape, provided no active boundary-layer control methods (e.g., suction) are applied.
Objective. The aim of the paper is to test a special shaped rigid body of revolution in the wind tunnel in order to
show that the boundary-layer separation can be removed without any active flow control methods.

Methods. Wind tunnel tests were carried out at velocities 15, 35, and 55 m/s. Static pressure measurements and the
oil-flow visualization were used. For this study, we take the UA-2 special shaped model of 200 mm length and
56.78 mm of the maximum diameter. The closed version of the UA-2c¢ model is similar to the dolphin body. The
tests were carried out in the subsonic wind tunnel MUB of the Institut fiir Stromungsmechanik (ISM) at Technische
Universitdt Braunschweig, Germany. The wind tunnel MUB of ISM is an actively cooled Goettingen type tunnel
with a square section of 1.3 m and the turbulence level of about 0.2 %. The technique of oil-flow visualization was
used to deliver information of the surface near flow. The color used is a mixture of thin mineral oil and petrol, in an
optimized ratio. The very fine titan-dioxide particles and UV-light reactive polymer particles in the color deliver a
high contrast picture of the flow directions with a high spatial resolution.

Results. The distribution of the static pressure and the oil-flow visualization are presented at three angles of attack.
The flow pattern at zero angle of attack is probably attached and laminar.

Conclusions. Pressure measurements and the flow visualization on the special shaped body of revolution showed that
it is probably possible to avoid separation in rather large range of the Reynolds numbers. Further experiments are
necessary with the use of a visualization of the flow volume and hot-wire velocity probes to clarify the behavior of the
boundary layer, its separation and laminar-to-turbulent transition characteristics.

Keywords: wind tunnel tests; drag reduction; boundary layer separation; flow visualization; aquatic animals.

Testing of the rigid bodies, similar to the
animal shapes at close to real values of the Rey-
nolds number (approximately six million) [2], and
gliding dolphins (during the inertial movement
without a maneuvering and a shape change) [3],
was carried out in order to explain the fact of he
low drag by a very good shape only. From the
point of view of these researches, the body shapes

Introduction

The high swimming velocities of some aquatic
animals such as dolphins continue to attract great
interest of researchers. The values of the Reynolds
number Re; =UL/v, where U is the movement

velocity, L is the the body length, v is the kine-

matic viscosity coefficient, exceed ten millions in
the case of dolphin. The friction drag of the dol-
phin, estimated with the use of turbulent friction
coefficient of the flat plate, [1], was so high to de-
clare that the dolphin should not be able to swim
as fast as it does with the muscle power it pos-
sesses. Gray proposed in [1] to solve the paradox
that the dolphin must reduce drag by maintaining a
laminar flow in the boundary layer on its body, de-
laying the transition to turbulence by movements
of its tail [1].

* corresponding author: inesteruk@yahoo.com

of good swimmers ensure the attached flow pat-
terns. It is unclear, which methods were used in [2]
to prove the absence of the boundary layer separa-
tion on the rigid animal like models. In [3] the bio-
luminescence was used to visualize the flow around
the real gliding dolphins in natural conditions.

The Dolphin body was manufactured and tes-
ted by North American Aviation in 1967—1968 [4].
The profile NACA—66 was chosen for the shape of
this body of revolution; its parameters were as fol-
lows: diameter D = 0.48 m; L/D = 3.33; volume
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V =0.159 m*. Unfortunately, neither flow visualiza-
tion, nor pressure distribution measurements have
been performed. Tests revealed rather small values
of drag X (the minimal value of the volumetric

drag coefficient C, =2X/(pU?V ?3)~0.008 at
the volumetric Reynolds number R, =U Vi3 y =

=0.85-107; p is the water density. To compare

this drag with an ideal case of a slender laminar
unseparated body of revolution, formula

4.7
JRe

can be used [5, 6]. Eq. (1) yields C}, =0.0016 for
Dolphin body. The more slender body of Hansen
and Hoyt [7] (L/D = 45; L =318 m; D =
= 0.71 m) has the minimum experimental drag co-
efficient C, =0.007 at R, =22-10° that is
closer to the theoretical value C), =0.0032, which

can be calculated from (1).

The theoretical drag on different bodies of
revolution calculated in Parsons et al., [8], Dod-
bele et al., [9], Zedan et al. [10], and Lutz &
Wagner [11] are rather different and significantly
exceed the estimation (1). For example, in [10] the

theoretical value C, = 0.012 at R, =1.5-107 was

obtained, whereas the shape calculated by Parsons
et al. [8] has 2.4 times less drag and Eq. (1) yields
a ten times smaller value.

In the case of the attached flow pattern, slen-
der bodies of revolution can delay laminar-
turbulent transitions on their surfaces and reduce
the skin-friction drag. The corresponding critical
values of the Reynolds number are estimated in [6,
12]. That is why the unseparated rigid bodies at-
tract great interest of researchers. In this paper we
present the results of wind tunnel experiments with
such special shaped body of revolution.

Cy = (1

Problem Formulation

A special shaped rigid body of revolution was
tested in the wind tunnel in order to show that the
boundary-layer separation can be removed without
any active flow control methods.

Materials and Methods
Special shaped bodies of revolution with nega-

tive pressure gradients. Body UA-2. For the last
20 years the possibility of achieving a laminar 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 [13]. In particular, shape UA-2c
shown in Fig. 1 was calculated by a special distri-
bution of the sources and sinks on the axis of sym-
metry. The stream function of the axisymmetric
potential flow of the inviscid incompressible fluid
was represented as follows [13, 14]:

Y(x,r)=0.5r% +B,u(x,)-0.75 E {a[ F,(x,)
= Fi(O)]+a,[F(1) - Fi(x,)]+2(ax + 2¢)[F,(x.,)

- F,0)]+2a,(x-DIF,D) - Fx )l ()

B, =0.75E[ax? +4cx, —a,(x, -1)?],

u(s)=+r+@s-x)?%,
Fi(s)=2u’(s)/3,

Fy(s)=05(s—x)u(s) + 0.5r%In[s —x + u(s)]

where x,r are cylindrical coordinates. The corres-
ponding axisymmetric body radius R(x), flow co-
mponents v, v, and pressure coefficient on the

surface were calculated with the use of following
equations:

W(x.R(x) =0, v —+¥ , __1o¥
r or

X

Fig. 1. Comparison of the shape UA-2c with the body of a bot-
tlenose dolphin [6]
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Varying the values of constant parameters
X,,a,a,c different closed (R(L)=0) and un-

closed (R(L) > 0) shapes can be obtained.
The closed body shape UA-2¢ has L/D =3.6,

a negative-pressure-gradient forebody ending at the
minimum pressure point x ~ 0.33, a long positive-
pressure-gradient region (approximately 45 % of
the total body length) and a negative pressure gra-
dient near its tail [14]. The differences between this
shape and the Dolphin body are shown in Fig. 2.

G, R

0.4

0.2

0 0.2 0.4 0.6 0.8 x

Fig. 2. Comparison of the special shaped body of revolution
UA-2c¢ with the “Dolphin-1” body based on profile
NACA-66 [14]: — R(x), body UA-2c;

(), body UA-2c; + — R(x), “Dolphin-1” (NACA 66)

To fix the model on the wind tunnel, a sup-
port tube is necessary. Its presence was also simu-
lated in [14] by the solution (2), (3), since the pa-
rameters x,, a,a;,c allow changing the balance of
the sinks and the sources. A result of the calcula-
tions — unclosed shape UA-2 — is shown in Fig. 3.
Downstream to the point x/L =1 the body radius

diminishes very slowly and C,, is close to zero.

No visible separation and turbulence zones
(e.g., the reversed flows) were revealed on body
UA-2 in THM tests, at all available flow velocities
Re; < 3x10° [13, 14]. In comparison, separation

occurred on Goldschmied’s body (D = 0.508 m;
L/D = 2.9; with a long negative pressure gradient
forebody (appox. 76 % of the total hull length), a
short pressure increase zone (its length d ~ 10 %)
and a negative pressure gradient region near the
tail) and was removed only with the use of bound-
ary-layer suction, see [13].

0 0.2 0.4 0.6 0.8 1

Fig. 3. Unclosed body of revolution UA-2. Shape (solid line)
and theoretical pressure distribution (dashed line) [14]

It must be noted that only suction or blowing
can be used to remove separation. Other active
flow control methods usually use surface cool-
ing/heating (e.g., [16]), different shape transforma-
tions (e.g., [17]) and even electromagnetic forces
(e.g., [18]). Proper use of these methods can re-
duce or even remove the separation, but all of
them need additional energy to be supplied. Usu-
ally, the authors make no estimations of this
wasted energy.

In comparison, the passive flow control
methods use only the rigid-body shape opportuni-
ties. It means that no external energy has to be
added to perform the control. E.g., the passive
methods can use a surface roughness to diminish
the drag [19]). Here we concentrate on a smooth
rigid body of revolution in order to remove separa-
tion.

In the IHM experiments a very significant
discrepancy between the experimental und theo-
retical pressure distributions was revealed (see, [13,
14] and Fig. 5). The FLUENT code was used to
simulate numerically the viscous flow over body
UA-2, but the calculated pressure distribution was
never close to the experimental one. In order to
explain the differences in the theoretical and ex-
perimental pressure distributions, the inverse prob-
lems were solved in [20]. The experimental pres-
sure data was used to calculate the corresponding
body shape. The results show that the correspon-
ding body of revolution must be much slenderer
than the experimental model UA-2 (see [20]).

These facts urged us to analyze the pressure
measurements in IHM tests and repeat the expe-



MATEPIANNO3HABCTBO TA MALLMHOBYYBAHHA 47

riments in the Institut fer Strumungsmechanik
(ISM) at Technische Universitat Braunschweig,
Germany. The subsonic wind tunnel MUB of ISM
allows increasing the flow cross-section and Rey-
nolds numbers, using different angles of attack and
oil-flow visualization. The obtained results and dis-
cussions are presented in this paper.

The model, wind tunnels and peculiarities of the
oil-flow visualization. For this study, we take the
model UA-2 of 200 mm length and 56.78 mm of
the maximum diameter. The shape was calculated
in [14] with the use of eq. (2), (3) and is shown in
Fig. 3. The closed version of the model — UA-2¢ —
is similar to the dolphin body (see Fig. 1). For the
IHM experiments, downstream to the point
x/L =1 the calculated shape was replaced by the

cylindrical support tube of the 300 mm length and
19.98 mm external diameter. For the ISM tests we
use of the same model of 200 mm Ilength. The
support is cylindrical (205 mm length and 20 mm
diameter), conical (82.2 mm length) and cylindri-
cal (50 mm diameter), see Fig. 4. The model was
equipped with static pressure orifices.

Fig. 4. Sketch of the model UA-2 and the support sting in
MUB ISM

The first series of experiments was carried
out in the low turbulence wind tunnel of Kyiv In-
stitute of Hydromechanics, with test section cross
section 200 mm x 500 mm and maximum velocity
20 m/s, [13, 14]. The tests were performed for
three ranges of the velocity U : 5.7, 10, and 15 m/s

at zero angle of attack. A wire probe with a fine
thread was used to visualize the flow. The pressure
difference was measured to the accuracy 0.01 mm
of a water column and the velocity to 0.1 m/s. To
estimate the influence of wind tunnel walls and
the vertical model support, the static pressure was
measured by rotating the model. The discrepancy
in values of C » for the various orifice positions did

not exceed 15 %.

The second series of tests was carried out in
the subsonic wind tunnel MUB of the Institut fiir
Stromungsmechanik (ISM) at Technische Univer-
sitit Braunschweig, Germany. The wind tunnel
MUB of ISM is an actively cooled Goettingen
type tunnel with a square section of 1.3 m and a
300KW drive for velocities up to 60 m/s. With flow
straightening honey combs and several screens
before the nozzle, which has a contraction ratio of
4.9, a characteristic turbulence level of about 0.2 %
is achieved. The experiments provided data for three
different Reynolds numbers: 1.9x10°, 4.5x10° and

6.9x10° at velocities of 15; 35 and 55 m/s respec-
tively.

The technique of oil-flow visualization was
used to deliver information of the surface near
flow. The color used is a mixture of thin mineral
oil and petrol, in a ratio optimized for the involved
forces. The very fine titan-dioxide particles and
UV-light reactive polymer particles in the color
deliver a high contrast picture of the flow
directions with a high spatial resolution.

Results and Discussion

Tests at zero angle of attack. At zero angle of
attack, the results of the pressure measurements in
IHM and ISM are shown in Fig. 5 by blue and
black markers respectively. At 0.2<x/L <0.45

the large (in the case of IHM) and the significant
(in the case of IHM) discrepancies between the
experimental and theoretical data occur. In the
same region on the body surface there is a big
difference in the IHM and the ISM experimental
data even in the same performance velocity range
15 m/s.

In order to explain these facts, a special in-
vestigation of the wall static pressure distribution
along the IHM wind tunnel has been carried out.
All of the static pressure orifices were located
on the upper surface of the wind tunnel (with the
500 mm bright) along the longitudinal axes. To
make the influence of the test body small, the dis-
tance of this line from the axis of symmetry was of
110 mm. The first point was located at distance of
73 mm from the end of the confusor, the second
one was located in the cross-section of the model
nose (878 mm from the first orifice) the third and
fourth orifices were located in the sections corre-
sponding to the middle and the tail of the model
(978 mm and 1078 mm from the first orifice re-
spectively). The experimental values of Cp =

=2(p; - p))/p Ui , where p, is the pressure in the
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point with the number i, for different velocities
U, are presented in Table 1.

0.4

02}

RX)/L; Cy(x)

~04}

-0.6

0 0.2 0.4 0.6 0.8 1
x/L

Fig. 5. Body UA-2. Shape, theoretical and experimental pres-
sure distributions. Blue markers correspond to the ex-
periments in IHM (Re; = 0.9x 10, 1.5x 10%; 2.4x 10° —
“circles”; “stars”, and “crosses” respectively) [13, 14].
Black markers show the pressure measurements in
MUB of ISM (Re; = 1.9x10%; 4.5x10°; 6.9x 10° —
“circles”, “stars”, and “crosses” respectively). Red mar-
kers show the corrected pressure data in MUB of ISM
(Re; = 1.9x% 105; 4.5x 105; 6.9x10° — “circles”, “stars”,

and “crosses” respectively)

Table 1. Measured and theoretical pressure distributions
on the IHM wind tunnel wall along the longitudinal axes
with the presence of the model

Characteristics Cp Co3 Coa
U,=5.7m/s -0.163 -0.218 -0.238
U,= 10 m/s -0.190 -0.236 -0.247
U,=15m/s -0.193 -0.240 -0.247

Theoretical values of

Cp, eas. (2), (3), at

r/L=40.52+0.552

It can be seen that a large pressure drop oc-
curs along the IHM wind tunnel. To compensate
this drop the wall pressure at the third point (lo-
cated in the cross section of the model middle) was
used to measure C, values shown in Fig. 5 and

in [13, 14]. On the other hand, the longitudinal
pressure gradient on the wind tunnel wall is very
high and can be a reason of discrepancies between

-0.00024 |-0.0098 |-0.0033

the measured and theoretical pressure distributions.
To illustrate this fact the theoretical values of C »

are shown in Table 1. Solutions (2), (3) were used
with the corresponding values of the radius

r/L=+0.52+0.55> and x/L=0;0.5;1 for the
points 2, 3, and 4 respectively.

The large pressure gradient along the IHM
wind tunnel wall can be explained by the presence
of rather thick boundary layer on the test section
walls. Unfortunately, the boundary layer thickness
was not measured in IHM tests. To estimate the
corresponding displacement thickness of the lami-
nar boundary layer on the wind tunnel wall, the
Blasius solution for the flat plate can be used [21]:

=172t YL X @
U. LRe,

The results of calculations are shown in Table 2
for the cross sections corresponding to the po-
ints 2—4. The values of x/L = 4.755; 5.255, and

5.755 corresponding to the distance of the cross
sections from the edge of the confusor were taken
for calculations. The real values of the boundary
layer thickness have to be larger than ones shown
in Table 2, since the estimation (4) and the taken

values of X/L imply a zero value of &* at the be-

ginning of the tunnel test section. According to
Table 2, the area of the boundary layer in the tun-
nel section is of 2.1-3.8 % of the total cross sec-
tion area 0.1 m?®. The area of the middle model
section is 2.5 %. It means that the sum of these
values can exceed 5 %. Thus the flow characteris-
tics in the wind tunnel can differ from the theo-
retical ones, calculated in the unrestricted inviscid
flow.

Table 2. Estimations of the laminar boundary layer thick-
ness (in mm) on the walls of the IHM wind tunnel at dif-
ferent performance velocities (Reynolds numbers) without

the model

U,, m/s 3, 3 3,
5.7 2.50 2.63 2.75
10 1.94 2.04 2.13
15 1.53 1.61 1.69

The area of the cross section of the ISM wind
tunnel is 16.9 greater and the effects of restricted
flow can be neglected. That is why, the pressure
measurements are much closer to the theoreti-
cal values. The existing discrepancies (especially
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upstream to the maximum thickness point
x/L <0.35, where the good coincidence with the

theory must be even in the case of separation) can
be explained by the fact that the flow velocity U,

was measured far upstream from the model loca-

tion. We used Prandtl probe for this purpose. The

orifice for p_ was also located on the same probe.
The measured C{” and real C{” values of

pressure coefficient are connected by simple rela-
tionship:

cn_2p —p))
P P(Ui)(r)
2p - p™ + pm - p0y  CJY
T W)™ T B
where coefficient B corresponds to the correction
of the velocity, vy is the correction of the p_ value

+y (&)

(due to the location of the Prandtl probe). Assum-
ing the real values of pressure coefficient CI()’) to

be equal to the theoretical values in the region
x/L <0.35, the unknown values B and y can be

calculated with the use of (5) and two points with
known values of C{" .

To correct the pressure measurements all
the 15 possible couples of 6 orifices located at
x/L <0.35 were used to calculate the average val-

ues of B and y. The results are shown in Fig. 5

by red markers. It can be seen that corrected val-
ues of C, are close to the theoretical curve. This

fact shows that there is probably no separation oc-
curred at all the velocity ranges.

The examples of the flow visualization are
shown in Figs. 6—8. To make the flow pattern
more visible we deposited different oil layers on
the model surface. After the wind tunnel flow sta-
bilization the thick layer yields more or less regular
zone of oil concentration (see Fig. 6, A). In these
zones the oil doesn’t move along the flow. Some
vertical movements due to the gravity are visible
(see Fig. 6, A). The length of these zones dimi-
nishes with the increase of the Reynolds number
(their leading and trailing edges are shown in
Fig. 9 by vertical lines). The thickness of these lay-
ers (normal to the wall) was not measured, but its
diminishing over time was visible (the oil was re-
moved by shear stresses and evaporation). Evi-
dently, these processes were faster at higher veloci-
ties. Finally, in the oil concentration zones, some
irregular structures occur (see Fig. 8). A thin layer

of the deposited oil yields two irregular zones of
the oil concentration, located near the points
x=0.46 and x=0.56 (see Fig.7). The diffe-
rences in the oil flow patterns between these sec-
tions and downstream are not considerable.

B A C D E

Fig. 6. The oil-flow visualization at the velocity 15 m/s (Re; =
= 1.9x10°); A — A large oil concentration zone; B, C,
D, and E — small zones of probable flow separation

Fig. 7. The oil-flow visualization at the velocity 35 m/s (Re; =
= 45x10%; A and B — two small oil concentration
zones

A

Fig. 8. The flow visualization at the velocity 55 m/s (Re; =
= 6.9x10°); A — irregular structures in the oil concen-
tration zone

The oil concentration zones are located at the
areas of the real pressure increase (blue markers in
Fig. 9). In a typical separation bubble the pressure
changes are insignificant. In Fig. 9 we can see such
zone only in vicinity of the point x =0.55. If the
oil film is in equilibrium at the positive pressure
gradient zone, the shear stresses in oil on the air-
oil boundary has to be directed downstream. It
means that the air flow above the oil film is di-
rected along the x axis (there is no reverse flow
typical for separation).
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Fig. 9. The oil accumulation zones at different Reynolds num-
bers (vertical lines. Body radius (black line), theoretical
and experimental pressure distributions (blue line and
markers). Estimations of the oil layer thickness /4 in

mm (eq. (8), red lines) and #/8" (eq. (10), orange

lines), corresponding Re; = 1.9x103; 4.5x10%; 6.9x10 3
change top to bottom

The equilibrium thickness of the oil layer 4
can be estimated from the force balance for a short
oil ring located on the body surface between secti-
ons x and x + Ax . Then, the positive pressure gra-
dient causes the force 2rR(x)A[p(x) - p(x +Ax)]
~-2nR(x)hAx(dp/dx) (the surface slope and

curvature are neglected). For the positive pressure
gradient zone this force is directed upstream and
can be compensated only with the shear stress of
the air flow Ty » Which must be directed down-

stream. The corresponding force can be estimated
as follows: 2mR(x)t, Ax and the equilibrium

thickness of the oil layer is:

he (525]‘ 6)
W dx ’

All the lengths in the dimensionless formu-
la (6) are based on the model length, 1, and the
pressure coefficient — on the 0.5pU? (p is the

density of the air).
For the laminar flow, t, can be estimated

from the Blasius solution for the plane plate 7, =
=0.664(x)""/?Re;"/? and the Mangler—Stepa-
nov transformations (see [5, 21]):

*

w=TR(); 8 = X=[R*&)de. ()
0

R()

Then it follows form (6) and (7) that
0.664R(x)

dc, X
dx\/ReLJ;R ) deg

Using (8), the solutions (2), (3) and average
values of dC, /dx (calculated with the use of ex-

h= (8)

perimental values C, located between the corre-

sponding vertical lines in Fig. 9) the thickness of the
oil layers was calculated (see red lines in Fig. 9).

To compare the equilibrium thickness of the
oil layer /4 with the displacement thickness of the
boundary layer on the model &°, the Blasius solu-
tion for the plane plate (see (4) [21]) and the Man-
gler—Stepanov transformations (see (7) [21]) can be
used and the following formula can be obtained [5]:

X

. 1721 [ R ©)
0

~ R(x)\/Re,

which is valid for the slender bodies of revolution
(D/L<<1) and when §°(x)/R(x)<<1. Finally, with

the use of (3) and (6) the ratio #/8" can be writ-
ten as follows:

h_ 0.386R%(x) '

dcC, (10
LR @t
X0

The results of calculations (see Fig. 9, orange
lines”) show that the thickness of the oil film is
comparable and even exceeds the boundary layer
thickness, especially at smaller Reynolds numbers
(the upper line). This fact can cause the changes in
the flow pattern, trip the flow and can even lead to
the local separation. The blue areas just upstream
and downstream to the oil accumulation zone
(visible in Fig. 6, B, C, D, E) are the examples of
such separation.

Tests results at the angles of attack —5° and
—10°. The results of pressure measurements with
the down location of the static pressure orifices at
different velocity ranges are shown in Figs. 10—12.
Even at the maximum angle of attack, the pressure
distribution is rather close to one at zero angle of
attack and the negative pressure gradient zone still
occurs near the tail.

" The colour figure see at: http://bulletin.kpi.ua/article/view/129140
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Fig. 10. Experimental pressure distributions for different angles of attack at the velocity 15 m/s (Re; = 1.9x10 %). Black markers cor-
respond to the zero angle of attack, orange and red for the —5° and —10° respectively
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Fig. 11. Experimental pressure distributions for different angles of attack at the velocity 35 m/s (Re; = 4.5x10°). Black markers cor-
respond to the zero angle of attack, orange and red for the —5° and —10° respectively
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Fig. 12. Experimental pressure distributions for different angles of attack at the velocity 55 m/s (Re; = 6.9x10%). Black markers cor-
respond to the zero angle of attack, orange and red for the —5° and —10° respectively

Fig. 13. The flow visualization at the velocity 15 m/s (Re; = Fig. 14. The flow visualization at the velocity 55 m/s (Re; =
= 1.9x10 %) and the angle of attack —10° = 6.9x10°) and the angle of attack —10°
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The examples of the flow visualization are
shown in Figs. 13 and 14. Asymmetric zones of the
oil accumulation are visible at all values of Rey-
nolds number and the angle of attack. The size of
these zones diminishes with the increase of the
Reynolds number.

Conclusions

Pressure measurements and the flow visualiza-
tion on the special shaped body of revolution
showed that it is probably possible to avoid separa-
tion in rather large range of the Reynolds numbers.
Further experiments are necessary with the visuali-
zation of the flow volume and hot-wire velocity
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probes to clarify the behavior of the boundary
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LOCNIIKEHHSA TINA OBEPTAHHSA CMEUIATIBHOT ®OPMU, NOAIEHO! A0 TYNYBA AENb®IHA

Mpo6nemaTuka. Bucoki WBMAKOCTI MraBaHHA OESKUX BOAHUX TBAPVH NPOLOBXYIOTb BUKIUMKATW 3HAYHWUM iHTEpeC AOCMiOHMKIB.
Onip TepTsa AenbdiHa, OUiHEHUIA 3 BUKOPUCTAHHAM TypOyneHTHOro koediuieHTa TepTs Ha NIOCKi NNacTuHi, BUSBUBCS 3aHaAToO BUCO-
KM, Wo6 cTBepAXyBaTH, WO AenbdiH He 34aTHUMA pyxaTuUCs Tak LUBUAKO, SIK BiH Le pobuTb, 3 BMAaCTUBOI MOMY MYCKYIIbHOK CUIIOH0.
[eski nonepenHi ekcnepvMeHTy 3 TBepAUMU Tinamu, 3a hopMoto NoaibHUMK A0 Tina TBapuH, Ta 3 AenbdiHamu, WO pyxanuch 3a iHep-
uieto, BusBunu 6e3sigpueHe 06TikaHHs. OHaK AOCNIAHMKM, NMOB’'A3aHi 3 TEXHIKOK, BBaXatoTb, LU0 BiAPUB HEMUHYYUIA Ha Byab-SKi rnaa-
Kit popMi, AKLLO HEe 3aCTOCOBYBAaTU aKTMBHMX METO/AIB KePyBaHHS MPUMEXOBMM LLAPOM (Hanpuknag, BiACMOKTYBaHHS).

MeTa gocnigxeHHs. [TokasaTy 3a LONOMOroKw aepoAvHaMIYHUX EKCNIEPUMEHTIB, L0 Ha TBepAMX Tinax obepTaHHsi cneuianbHoi
OpMU MOXHA YHUKHYTU BiAPUBY NPUMEXOBOTO Lapy 6e3 XOAHUX aKTUBHUX METOAIB KEpYBaHHS NMOTOKOM.

MeToguka peanisauii. EkcnepumeHT npoBoaunuce B aepoavHamivHin Tpy6i Ha wewmakoctax 15, 35 i 55 m/c. BukopuctoByBa-
NCb BMMIPIOBaHHSA CTATMYHOrO TUCKY Ta Bidyanisauis 3a gonomoroto Tedii onii. [nsa uboro gocnigxeHHs 6yno B3ATo mogens UA-2 cne-
LianbHoi dpopmu goexumHoto 200 MM i MakcumarnbHUM giameTpom 56,78 mm. 3amkHeHa Bepcisa uiei mogeni — UA-2¢ — € nogibHoto fo Ti-
na genbdiHa. JocnigXeHHs NpoBOAMMMUCH Y A03BYKOBIN aepoguHamiyHin Tpy6i MUB IHcTuTyTy MexaHikn notokis (ISM) TexHi4Horo yHi-
BepcuTeTy bpayHwBsarira, HimewunHa. Tpy6a MUB y ISM € ycTaHOBKOIO FreTTIHFEHCBKOro TUMy 3 akTUBHUM OXONMOXKEHHSAM, KBaApaTHUM
nepepisoM po6oyoi YacTuHK 3i cTopoHot 1,3 M i piBHeEM TypbyneHTHocTi npnbnusHo 0,2 %. ns oTpuMaHHs iHdopMadii npo noTik 6ins
NoBEpPXHi BUKOPUCTOBYBanach Bidyanidalisi 3a JONOMOroto Tevii onii. 3actocoByBanach apba, Lo € CyMilLLLIO MiHEpanbHOro Macna Ta
6eH3nHy B onTuMi3oBaHin nponopuii. [lyxe ApiOHi YacTUHKM AIOKCUHY TUTaHy Ta NoniMepHi YacTUHKK, Lo pearyloTb Ha ynbTpadioneTo-
Be CBITNO, 3ab6e3neyvyBany BUCOKOKOHTPACTHE 306PaKeHHS 3 BUCOKOK MPOCTOPOBOI PO3AiNbHOK 3A4aTHICTIO.

Pe3ynbTaTu pocnigxeHHs. HaBegeHo po3noiny cTaTMYHOro TUCKY Ta pesynbTaTuv Bidyanisauii 3a gonomoroto Tedii onii gns
TPbOX 3Ha4YeHb KyTa aTtaku. [1pn HyNnbOBOMY KyTi aTaku 06TikaHHS, AIMOBIPHO, € 6€3BiAPUBHMM i NaMiHaPHUM.

BucHoBkuW. BumiptoBaHHsi TUCKy Ta Bi3yanisauis NoToky Ha Tini obepTaHHsi cneujiansbHoi dhopmMu nokasanu, Lo, KIMOBIPHO, MOXHa
YHUKHYTU BigpMBY B AOCUTb LUMPOKOMY Aiana3oHi yucen PeliHonbAca. MNoTpibHi noganbLui eKcnepyMeHTy 3 BUKOPUCTaHHAM Bidyanisauii
06’eMy MOTOKY Ta TepMOAaTUMKIB LUBUAKOCTI ANS YTOYHEHHS NOBEAiHKM NMPUMEXO0BOro LUapy, XapaKTepUCTUK Oro BigpvBy Ta Typbyni-
3auji.

KnioyoBi cnoBa: aepoavHaMivHi €KCNepMMEHTU; 3MEHLLEHHS OMopy; BiAPUMB NPMMEXOBOrO Liapy; Bidyanidauisi NOTOKY; BOOHI
TBapVHW.
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WCCNELOBAHWSA TENA BPALWEHWSA CMNELMANBHOM ¢OPMbI, MOAOBHOW TYNOBULLY OENbOUHA

MpoGnemaTtunka. BbicokMe CKOpPOCTV NNaBaHWA HEKOTOPbIX BOAHbLIX XMBOTHbLIX MPOAOIIKAIOT Bbl3biBaTb GOMbLIOW WHTEpEC UC-
cnepoBaTtenen. OueHka CONPOTUBNEHUS TpeHuUst AenbuHa C MCnonb3oBaHMEM TypOyneHTHOro KoadduumeHTa TPEHUsT Ha MIOCKON
nnacTviHe okasanacbh CIULIKOM BbICOKOMW, YTOObI yTBEpXAaThb, YTO AenbduH He cnocobeH ABuratbes Tak ObICTPO, Kak OH 3TO AernaeT, ¢
npucyLLen emy MyckynbHOW cunoi. HekoTopble npeabiayLne aKCnepumeHTbl ¢ TBepAbIMM Tenamu, no dopme nogobHbIMK Tenam Xu-
BOTHbIX, U C ABMXYLUMMUCS NO MHepLUumn AenbduHamm BeisiBunm 6e3oTpbiBHoe obTekaHne. OfHako nccnegoBaTenu, CBA3aHHbIE C TeX-
HWKOW, CYUTAIOT, YTO OTPbIB Hen3bexxeH Ha nmobol rmagkor hopme, ecrnm He UCMOMb30BaTb aKTUBHBIX METOAOB YNPaBreHNs NorpaHny-
HbIM croem (Hanpumep, oTcoc).

Llenb nccnepoBaHus. Moka3aTb C NOMOLLbIO ad9POAMHAMMYECKMX SKCMIEPUMEHTOB, YTO Ha TBEPAbIX Tenax BpalleHusi cneuunans-
HOW POPMbI MOXHO M3bexaTb OTpbIBa MOrPAHUYHOTO Cros 6e3 Kaknx-nMMbo akTMBHBIX METOAO0B YrpaBreHNs NOTOKOM.

MeToauka peanusaumu. SKCNepMMEHTbI NPOBOAUNUCE B aspoanHaMuyeckon Tpybe Ha ckopocTsx 15, 35 u 55 m/c. Mpumens-
NUCb M3MEpEHNEe CTaTUYECKOro AABMNEHNS U BU3yanusaums ¢ NOMOLLbIO TedeHust macna. [ins aToro uccnepoBaHus Gbina B3sita Moaens
UA-2 cneunanbHon gopmbl AnvHon 200 MM M MakcumarnbHelM agnameTpoM 56,78 mm. 3amkHyTas Bepcus aton modenu — UA-2¢ — no-
X0Xa Ha Terno genbguHa. ViccnegoBaHus npoBoanMnuch B 4O3BYKOBOW aspoauHamudeckon Tpyoe MUB UHCTUTYTa MexaHWKM NOTOKOB
(ISM) TexHuueckoro yHuBepcuteTa bpayHwBarra, Nepmanusa. Tpyba MUB B ISM npeacrtaBnsietT cobor yCTaHOBKY reTTUHFEHCKOro Tuna
C aKTMBHbIM OXITaXAEHUeM, KBagpaTHbIM cedyeHneM paboyein YacTu co CTOPOHOW 1,3 M U ypoBHEM TypOyneHTHOCTU MpubnmnsnTensHo
0,2 %. Ans nonyyeHusi MHopmaLmmn o NoToke BOMN3N NOBEPXHOCTU NPUMEHSNAck BU3yanuaauusi C UCNONb30BaHWEM TeYEeHUst Macna.
Wcnonb3oBanack kpacka B BUAE CMECU MUHepanbHOro mMacna u 6eHavHa B ONTMMM3MPOBaHHONW nponopumu. OYeHb Menkue YacTuubl
AvoKcMaa TUTaHa 1 NONMMMEpPHbIE YacTullbl, pearvpylolume Ha ynbTpaduroneToBbi CBeT, obecneynBany BbICOKOKOHTpAcTHoe 13obpa-
)EHWe C BbICOKOW NPOCTPaHCTBEHHON pa3peLualoLLeii CocobHOCTbIO.

Pe3ynbTatbl uccnegoBanus. lNpeactaBneHbl pacnpefeneHusi cTaTuieckoro AaBneHnst U pesynbTaTtbl BU3yanusauum ¢ nomMo-
b0 TEYEHNST Macna Ans Tpex 3Ha4eHun yrna ataku. [py HyneBom yrne ataku Te4eHne, BEpOSTHO, Obino 6e30TPbIBHLIM 1 TaMUHAPHBIM.

BbiBoAbl. VI3MepeHus faBneHus 1 BU3yanusauus notoka Ha Tene BpalleHus creumanbHoli dopmbl nokasanu, 4To, BEPOsiTHO,
MOXHO 13bexaTb OTpblBa B OCTATOYHO LUMPOKOM AnanasoHe yncen PeiHonbaca. HyxXHbl 4ONONMHUTENBHBIE 3KCMIEPUMEHTbI C UCNOSb-
30BaHWEM Bu3yanusaumm obbema MoToka U TepMOAATYMKOB AN YTOYHEHUS NOBEAEHNS NOrPaHNYHOrO Crosi, XapakTepUCTHK ero oTpbl-
Ba W Typbynusaumm.

KnioueBble cnoBa: aspoanHammnyeckne aKCNepUMEHTbI; CHDKEHWE COMPOTUBMEHNS; OTPbLIB NMOTPAHNYHOIO Crosi; BU3yanuaauusi
NoTOKa; BOAHbIE XMNBOTHbIE.
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