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Abstract

The best swimmers have a streamlined shape that ensures an attached flow pattern even in the case of inertial motion (without
varying the body shape). Similar rigid bodies of revolution were calculated and tested in the wind tunnel. In the middle of the
body, the measured static pressure is significantly higher than the theoretical values. The influence of this fact on the boundary
layer separation was estimated. In order to explain the discrepancy in experimental and theoretical pressure distributions, some

inverse problems were solved.
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1. Introduction

The high swimming velocities of some aquatic animals
continue to amaze the researches, since the density of water
is approximately 800 times greater than the density of air.
The corresponding values of the Reynolds number
Re; =UL/v (U is the velocity of movement, L is the

length of the body, v is the kinematic viscosity coefficient)
exceed ten millions (e.g., in the case of dolphin) and are
typical for the turbulent boundary layer on the body surface.
The friction drag of the dolphin, estimated with the use of
turbulent friction coefficient of the flat plate, [1], was so
great to declare that the dolphin should not be able to swim
as fast as it does with the muscle power it possesses. Gray
proposed to solve the paradox that the dolphin must reduce
drag by maintaining a laminar flow in the boundary layer
about its body, delaying the transition to turbulence by
movements of its tail, [1]. Discussion of the question has
continued over the seven decades since it was advanced; after
Gray, further ideas have been put forward involving possible
drag-reducing properties of dolphin skin ranging from dermal
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ridges to skin compliance and to dermal secretions.

In addition, testing the rigid bodies, similar to the animal
shapes, [2], and gliding animals (during the inertial
movement without a manoeuvring and a shape change, [3]),
was carried out in order to explain the fact of the low drag by
a very good shape only. From the point of view of these
researches, their experiments reveal flow patterns without
boundary layer separation. On the other hand, the researches
connected with industrial application believe that separation
is inevitable at any rigid body (if any active flow control
methods such as suction etc. are applied). Their conviction it
based on a commonly adopted practice to aim the static
pressure minimum to coincide with the maximum of the
body radius, which leads to a positive pressure gradient and a
separation downstream of this point, [4]. In this paper, we
will focus on this contradiction and will provide a new
analysis of experimental results.

First, the theory does not restrict a body to have negative
pressure gradients both up- and downstream of the maximum
thickness point. In particular, some examples of
axisymmetric shapes with pressure decreasing near the tail
have been calculated with the use of both the ideal and the
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viscous fluid approaches (e.g., [5, 6]); and manufactured and
tested in wind tunnels [7, 8]. Unfortunately, a pressure
decrease near the body tail is not enough to remove
separation. For example, the flow separated on
Goldschmied’s body; the separation was removed only with
the use of suction.

Fig. 1. Comparison of the shape UA-2c¢ with the body of a bottlenose
dolphin

The special shaped bodies of revolution with negative
pressure gradients have been calculated and tested in [9-11].
An example - shape UA-2c - is shown in Fig. 1. Other
examples of special axisymmetric shapes with different
diameter to length ratio D/L are shown in Fig. 2. Both the
forebody and the tail of the shape corresponding to the
smallest thickness ratio D/ L =0.1, are concave, while for
less slender bodies (D/L=0.21 and D/ L=0.3) only the tail
is concave (see Fig. 2). Some fast-swimming fish have a
concave forebody too (e.g., the Mediterranean spearfish
Tetrapturus  belone, Indo-Pacific sailfish Istiophorus
platypterus, black marlin Makaira indica , or swordfish
Xiphias gladius).
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Fig. 2. Examples of slender bodies of revolution ( D/ L =0.3;0.21; 0.1 ) with

negative pressure gradients near the trailing edge, Calculations with the use
of the exact solution of the Euler equations proposed in [8-10].

2. Research Significance

Elongated unseparated shapes of the best swimmers allow
reducing the pressure drag. According to the d’Alembert
paradox its value tends to zero at large Reynolds numbers. In
addition, the attached boundary-layer remains laminar on the
slender bodies of revolution at rather large Reynolds
numbers and the critical value of the Reynolds number

increases with the diminishing of the thickness ratio D/L, see
[11, 12]. Thus, the attached air- and hydrodynamic shapes are
of obvious practical interest, since they allow reducing their
drag and noise.

3. The Shape of the Test Body
and Support Sting.
Theoretical and
Experimental Pressure
Distributions

During last 20 years the possibility of achieving a laminar
attached flow on a rigid body was investigated in the Institute
of Hydromechanics (IHM) of National Academy of Sciences,
Kyiv, Ukraine. The survey of these theoretical and
experimental studies is presented in [10]. For this study, we
take the model UA-2, which is an unclosed version of the
shape UA-2c shown in Fig.1. Both shapes were calculated
from the exact solution of Euler equations. By a special
distribution of the sources and sinks on the axis of symmetry,
the stream function of the axisymmetric potential flow of the
inviscid incompressible fluid was represented as follows, [9,
10]:

W(x,r) =0.57% + Bu(x.) =075 E{ a[F,(x.)=F(0)] +

+ai[R () - F(x)] +2ax+ 20)[ K () - B O)] + 20, -D[A O - K @)] b (1)
B :0.75E[ax*2 +Acxs —ay (X —1)2J , u(s)=rt +(s—x),

Fi(s)=2u’(s)/3,
Fy(s) =0.5(s = x)u(s) +0.5r” In[s = x +u(s)] ,

Where x,r are cylindrical coordinates. The corresponding

axisymmetric body radius R(x), flow components v, v,

and pressure coefficient on the surface were calculated with
the use of following equations:
1 oW
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Varying the values of parameters x.,a,q;,c different closed
shapes can be obtained, in particular those shown in Figs. 1
and 2.

To fix the model on the wind tunnel we need a support tube,
which could be also simulated by the exact solution (1), (2),
since the parameters x«,a,q;,c¢ allow changing the balance

of the sinks and the sources. A result of the calculations —
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shape UA-2 — is shown in Fig.3. Solid black and blue lines
represent the body radius and corresponding pressure
distribution respectively. Downstream to the point x =1 the

body radius diminishes very slowly and ¢, is close to zero.
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Fig. 3. Unclosed shape UA-2

Radius and pressure coefficients (solid black and blue lines)
are calculated from (1), (2) The laminar unseparated
boundary layers at Re; =90 000 and Re; =700 000 and
corresponding pressure distributions are shown by dashed
and dotted lines respectively. The lengths are based on the
model length L=200 mm. Experimental static pressure
measurements [9, 10] are shown by markers (dots, crosses
and circles for Re; =90 000; 150 000; 240 000 respectively).

The test model UA-2 is of 200 mm length and 56.78 mm of
the maximum diameter. For the experiments, downstream to
the point x =1 the calculated shape was replaced by the
cylindrical support tube of the 300 mm length and 19.98 mm
external diameter.

To estimate the displacement thickness of the laminar
boundary layer on the model and support sting the following
formula can be used, [10, 13]:

X

5= L721 208\
RoTRe j R (§d¢ 3)

Formula (3) follows from the Blasius solution for the plane
plate and the Mangler-Stepanov transformations (see [14])

and is valid for the slender bodies of revolution (D /L <<1)
and when 0 (x)/ R(x) <<1. The calculations at Re; =90 000

and Rep =700 000 are shown in Fig. 3 by dashed and dotted
black lines respectively. The exact solution (1), (2) allows
finding the shapes which at x <2.5 are very close to the new

shapes with the R(x)+5’k (x) radius and calculating the

corresponding pressure distributions. The results are shown
in Fig. 3 by blue dashed and dotted lines for Re; =90 000 and
Rep =700 000 respectively.

Very small differences in theoretical pressure distributions at
Rep >90 000 allow expecting the same experimental results,
if the real boundary layer remains attached and laminar. In
the experiments [9, 10] a very significant discrepancy
between the experimental und theoretical pressure
distributions was revealed, especially in the middle part of
the body (see Fig. 3). Nevertheless, no visible separation and
turbulence zones (e.g., the reversed flows) were revealed in
tests with the use of the wire probe, [9, 10].

The same facts were revealed in experiments with the use of
rigid bodies similar to the aquatic animals’ shape, [2] . For
example, the values of the pressure coefficient, measured on
the shapes similar to the tuna’s (Thunnus alalunga) and
dolphin’s (Delphinus delphis ponticus Barab.) ones, were no
less than -0.17 (see [2] , Table 12). The minimum theoretical
values of the pressure coefficients on the corresponding
axisymmetric bodies with the same values of D/L (0.21-0.22)
are less than -0.4. It must be noted, that such significant
discrepancy between the experimental data and the expected
minimal values of the pressure coefficient exists even at
rather high Reynolds numbers, e.g., in the experimental
values of Re; were 6.3-6.9 millions.

In the next Sections we will analyze the in influence of the
real pressure distribution on the boundary layer separation
and will try to find the corresponding shapes.

4. Estimations of the Laminar
Boundary Layer Separation

To analyze the influence of the real and theoretical pressure
distributions on separation, the following criterion was used
for the point of laminar separation on the body of revolution,
[15]:

1629 dU,

7 2 4.045 -
U g {R (OUL(@OdE+54575=0 (4)

Where U, (x) is the velocity of the inviscid flow at the outer

edge of the boundary layer. Using (4) and the theoretical
pressure distribution from the exact solution (1), (2) yields
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the value x =0.457 for the position of the laminar separation
line on the body UA-2.

The same criterion (4) was applied for the experimental
pressure distributions. The linear interpolation of the

experimental ¢, data allows calculating U,(x) and its

P
derivative. The calculations show that possible separation
lines are located downstream to the point x =0.55 at all
Reynolds numbers of IHM experiments. On the other hand,
at x>0.55 the experiments revealed the pressure recovery
and rather good agreement with the theoretical line (see
Fig.3). This fact makes the separation unlikely.

5. Solutions of the Inverse
Problems

In order to analyze which shapes correspond to experimental
pressure distributions some inverse problems were solved.
The exact solution (1), (2) was modified by adding doublets
distributed on the axis of symmetry. The corresponding
intensities of the doublets were calculated to fit the
experimental pressure data. The results of calculations are
presented in Figs. 4 and 5. The experimental data at
Re =2.4*10° from [9, 10] were used (shown by markers).

R(x)™4, cp(x)

Fig. 4. Shapes (4*R(x), back lines) corresponding to different pressure
distributions (blue lines).

Shape UA-2 and its theoretical pressure distribution (exact
solution (1), (2)) are shown by dashed lines. Solid lines show
the solution of the inverse problem with the use of doublets
located at the points of static pressure measurements. Dotted

lines represent the solution of the inverse problem with the
use of doublets located at a distance of 0.01 apart and linear
interpolation of the experimental data at Re=2.4*10° shown
by markers.

If the doublets are located only in the points of the static
pressure  measurements, the corresponding pressure
distribution and shape are rather irregular (solid lines). With
the doublets located at a distance of 0.01 apart and the linear
interpolation of the experimental data, the corresponding
dotted lines become smoother. However, in both cases the
corresponding shapes are significantly different from the
body UA-2 (dashed line). In the areas x <0.1 and x >0.95,
the corresponding pressure distributions are very different
(see blue solid and dotted lines in Fig. 4).

The attempts to find a solution of the inverse problem trying
to fit the experimental pressure data and real body radius
revealed no convergence. The solution of the inverse problem
with the partial use of the experimental data (e.g., the odd
points only) may yield better agreement with the real body
shape and theoretical pressure distribution (compare solid
and dashed lines in Fig. 5). Probably, the reason of the
discrepancy in the theoretical and experimental pressure
distributions may be some unsteady structures in the flow.
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Fig. 5. Shapes (back lines) corresponding to different pressure distributions
(blue lines). Shape UA-2 and its theoretical pressure distribution (exact
solution (1), (2)) are shown by dashed lines. Solid lines show the solution of
the inverse problem with the use of doublets located at the odd points of the
static pressure measurements.
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6. Conclusions

The significant difference in the theoretical (corresponding to
the inviscid potential flow) and experimental pressure
distributions on the special shaped body UA-2 (and similar
shapes of best swimmers) can be a reason of the attached
boundary layer. The solutions of the inverse problems
obtained with the use of the experimental static pressure data
yield the shapes, which are very different from the real body
UA-2. The further theoretical investigation may be focused
on the searching of unsteady structures in the flow. Further
experiments are necessary with the use of different flow
visualization methods, in particular, application the hot-wire
velocity probes to clarify the behavior of the boundary layer,

its  separation and  laminar-to-turbulent transition
characteristics.
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