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Preface ix

PREFACE

The proposed book is the result of almost 40 years of the author’s research. In the 
early 1960s of the 20th century there were started some studies on biohydrodynamics in 
the Acoustic Institute of the Academy of Sciences. It was the initiative of academician 
N. N. Andreev who was the head of these studies for about 10 years. Then the researches 
were carried on for almost 30 years in the Severtsev Institute of Ecology and Evolution 
of the Russian Academy of Sciences under the leadership of academician V. E. Sokolov. 
His wide knowledge and managerial talent helped to involve a lot of scientists from 
different cities of the former USSR in these studies. Consequently in our country there 
were obtained unique results in the field of biohydrodynamics, which beat everything 
that has been done in the world.
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INTRODUCTION

The active studies of biohydrodynamics started in the middle 1930s when an English 
zoologist, James Gray, published his works (Gray, 1933; 1936). He noticed that dolphin 
swimming speed does not match the reserve of its muscle power. Having analyzed 
published data on dolphin swimming speed and their muscle power, Gray concluded 
that the reserve muscle power several times less than that necessary to provide the 
observed speed of swimming. This conclusion became known as Gray’s paradox. He 
also proposed a hypothesis to explain this paradox. He hypothesized that dolphins could 
maintain laminar flow at speeds when laminar flow should become turbulent. He proposed 
a mechanism that postpones the transformation of laminar flow into the turbulent flow. 
Gray thought that actively swimming dolphin may have a favorable (negative) gradient 
of dynamic pressure on their body that causes a delay in the transformation of flow from 
laminar to turbulent flow. He thought that the negative gradient of dynamic pressure is 
generated by the fluke, which throws the water back while crating thrust.

Since this paradox was formulated, almost every experimental and theoretical study 
on biohydrodynamics has attempted to prove or disprove Gray’s conclusions on these 
unique abilities of dolphins. It also attracted attention to fish swimming since most of 
fishes have the same mechanism of thrust generation. Researches expected to find the 
same interesting hydrodynamic peculiarities in swimming fish. Initially, theoretical 
studies were prevalent (e.g. Parry, 1949; Lighthill, 1960; Smith, Stone, 1961; Wu, 1961; 
Lavretyev, Lavretyev, 1962; Siekmann, 1962, 1963). Following these theoretical studies, 
experiments begin on fish (Bainbridge, 1963), dolphins (Lang, 1963, 1966a, 1966b; 
Lang, Daybell, 1963, Lang, Pryor, 1966, Lang, Norris, 1966) and then models were 
developed (Kelly, Rentz, Siekmann, 1964).

Most of the studies in that period were carried out in the UK and the USA. In the 
USSR, such efforts began ten years later with theoretical (Logvinovitch, 1970, 1972, 
1973; Merkulov, 1970) and experimental studies (Babenko, Gnitetskyi, Kozlov, 1969; 
Pyatetskyi, 1970a, 19706; Pyatetskyi, Savtchenko, 1969; Pyatetskyi, Kayan, 1971,1972a, 
19726, 1975; Romanenko, 1972; Kozlov, Shakalo, 1973; Romanenko, Yanov, 1973; 
Yanov, Romanenko, 1972; Semenov, Babenko, Kayan, 1974).

In the USA, studies on dolphin hydrodynamic were almost completely ceased by 
1965 -  1966 because of studies by Lang, (1963); Lang and Pryor, (1966) and Lang and 
Norris (1966). They measured dolphin swimming speed under the varying conditions 
and concluded that Gray’s estimations were wrong. For the three decades passed since 
the publication of these works there were several articles (Webb, 1975; Yates, 1983; 
Fish, Hui, 1991; Fish, 1993), which revised Gray’s conclusion. They proved the previous 
conclusion that there are not any mechanisms, which decrease hydrodynamic resistance 
in dolphins. However the analysis of these works showed some considerable mistakes,
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which completely devaluated their conclusions. These works are analyzed in detail in 
chapter 7 of this book.

In the USSR the practice of the researches on biohydrodynamics differed from the 
one in other countries. Soviet scientists trusted Gray’s studies and conclusions, so they 
made great efforts to find mechanisms, which reduced hydrodynamic resistance in 
dolphins. Not only biologists but also experts in hydromechanics took part in the 
researches (L. F. Kozlov; V. V. Babenko; E. V. Romanenko; V. P. Kayan; B. N. Semenov; 
V. M. Shakalo etc.). To study the fine structure of boundary layer on freely swimming 
dolphin and resilient features of dermal integument there were used direct methods of 
experiment. Wu (1972,1973) there were obtained and published first proofs that dolphins 
have some mechanisms to control the boundary layer. Since then and till now in Russia 
and the former USSR states there have been carried out intensive researches, described 
in this book. Unfortunately for many years there has been no exchange of information 
between Russian and foreign scientists. The main reasons for this were the language 
barrier and secrecy, as well as prejudice of western scientists. As a result they knew 
nothing about the researches carried out in the USSR, and by now the scientists in the 
USA and other countries are 20-25 years behind of the scientists of the former USSR in 
the of studies of dolphins biohydrodynamics. We mean mainly experimental studies. As 
for theoretical studies, their level in the USA and UK is rather high.

In this book there is an attempt to critical analysis and systematic presentation of the 
results of the researches on swimming mechanisms in fish and cetacean (dolphin). Critical 
approach helped to unclose both strong and weak points of the theory, and to mark the 
questions still unexplored. The theory of slender body in three-dimensional definition 
made it possible to obtain relatively simply calculation formulas for estimation of energy 
and power characteristics of animal swimming. Small modifications make it possible to 
use this theory for the case of arbitrary amplitude swimming. This is persuasively shown 
in the work of Lighthill, 1971. The theory of recoil developed by Lighthill and his 
colleagues proved to be very fruitful, and helped to explain some peculiarities of the 
kinematics of fish, which swim like mackerel (Lighthill, 1960, 1970; Kambe, 1978).

It turned out that the theory of crescent shape tail fin did not sufficiently take into 
account some important peculiarities, such as the thickness and form of cross section of 
tail fin, location of its pitch-axis, aspect ratio, flexibility, and wide range of slopes to 
trajectory of movement, etc. These questions still need clarification.

On analyzing theoretical models of swimming we concluded that the law of body 
deformation in actively swimming fish and dolphin is the least known. Although many 
researchers used its variants based on qualitative observations for different numeric 
estimate. Moreover, practically all the empirical variants of the deformation law used 
by researches do not explain some peculiarities of fish and dolphin kinematics. And 
even lead to physical controversy in the marginal case, when phase velocity of propulsive 
wave approaches animal swimming velocity. In this case there appears a contradiction:
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the thrust is negative and the coefficient of efficiency tends to negative infinity. But it is 
the knowledge of the true law of deformation, which allows the correct usage of the 
given theory to estimate swimming efficiency.

To overcome these difficulties it is necessary to make phase velocity of the propulsive 
wave of fish and cetacean dependant on coordinate in the coordinate system attached to 
animal body (Romanenko, 19806). In other words we can not consider phase velocity of 
the propulsive wave a constant as all researchers did. The assumption that phase velocity 
depends on coordinate was proved during the experiments with dolphins (Romanenko, 
1980a, 1986) and fish (Videler, Hess, 1984; Hess, Videler 1984).

The idea that phase velocity of propulsive wave depends on coordinate, which was 
proved experimentally, turned out to be very useful in theoretical analysis of distribution 
of dynamic pressure gradient on the body of actively swimming dolphin and in 
explanation of some experimental results. Such results are known from literature. They 
are: the data on fine structure of boundary layer on dolphin body (Romanenko, 1972), 
some peculiarities of cetacean body shape (for example: body elongation, convergence 
angle); measurements of tangential stresses in boundary layer; distribution of flow 
velocities in different points on animal body (Romanenko, 1986a), etc. These facts can 
be explained only on the basis of such dependence.

In the book there is formulated the law of deformation of the body of actively 
swimming dolphin, which takes into account the space alterations of phase velocity of 
locomotive wave. It allows obtaining calculating relations for estimation of hydrodynamic 
forces of propulsive system of dolphin and performing these estimations.

The similar law of body deformation is also proposed for fish. It helps to explain the 
experimental data obtained on three fish species (Bainbridge, 1963).

In this book considerable attention is paid to the base of statistical hydrodynamics, 
which is necessary to study the fine structure of boundary layer in biological objects.

There is given detailed description of methods and instruments for kinematic and 
biohydrodynamic researches. There is a chapter where some original results of 
experimental studies of kinematics and hydrodynamics of the Black Sea dolphins are 
represented. It is shown that on actively swimming dolphin there forms substantial 
negative gradient of dynamic pressure. It influences the fine structure of boundary layer, 
and increases critical Reynolds number, which defines the transition from laminar flow 
to turbulent one. For the first time the kinematics of the tail fin has been studied in 
detail. It is found that the near harmonic law characterizes the angle of fluke slope to 
horizontal axis but not angle of attack as it was supposed in the majority of mathematical 
models.

In the final chapter of the book there are given estimates of thrust and resistance 
coefficients of actively swimming dolphin, and the description of dolphin hydrodynamics 
in the light of modern scientific data.
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There are interesting estimates of the marginal velocity of dolphin swimming, which 
take into account animal hydrodynamics and energy abilities. It turned out that these 
estimates fairly well match the measurements of the maximal swimming velocity.

The book does not claim the full representation of every theoretical model and 
experimental work. In particular, there is no mention of the theory of boundary layer on 
deformed bodies; the sliding of cetacean of waves, the estimates of hydrodynamic 
characteristics of aquatic animal on the basis of their bioenergetical abilities; the theory 
of turbulent boundary layer on damping surface, which can partially or wholly absorb 
pulsation energy in layer.

All these issues are discussed in detail in the books of L. F. Kozlov (1983) and S. V. 
Pershin (1988).

While writing the survey chapter we met some technical difficulties concerning 
arbitrary denotations. Each survey is inevitably implies an alternative: either to introduce 
a unified system of denotations or to stick to the original denotations of the discussed 
work. In the proposed book the second variant has been chosen. We kept the denotations 
of the discussed works (but rare exceptions). This variant was chosen in order to help 
the reader to get acquainted with the originals. It can prove to be inevitable if the reader 
likes to study thoroughly the theory of one issue or another. As a matter of fact the 
proposed book does not aim the comprehensive representation of all theoretical 
approaches. It only gives problem definitions and main conclusions, leaving the details 
for further studies of the originals. Such an approach inevitably leads to ambiguous 
denotations.

The book is intended for scientists and university students, who are interested in the 
problems of biohydrodynamics.

The author is sincerely grateful to academician of the Ukrainian Academy of Sciences 
G. V. Logvinovitch, S. G. Pushkov, professor K. A. Naugolnikh for the interest in the 
work and valuable advice; V. A. Tchikalkin, V. A. Tarchevskaya, О. V. Savinkin, V. G. 
Yanov for the help in carrying out the experiments with dolphins; and also Т. M. Borsheva 
and T. N. Sidorova for the essential help in the preparation of the manuscript and 
illustrations for print. The author is sincerely grateful also to those who translated this 
book: Т. E. Abrashkina, М. (C Viktorova, T. |V. Kitaina, O. A. Shokhina.

The work on the book has been carried out with the financial support from Russian 
Foundation for Basic Research.
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CHAPTER 1. THEORETICAL M ODELS OF SW IM M ING

Theoretical investigations of the mechanisms explaining the swimming of fishes and 
dolphins were addressed in a great number of publications (Shuleykin, 1968; Logvinovitch, 
1969; Lighthill, 1975; Kozlov, 1983; Romanenko, 1986). It would be more accurate to 
say that these papers analyse the mechanism of swimming by means of wave movements 
irrespective of whom they relate to - fishes or dolphins, because in both the principle of 
thrusting is the same. A retrospective look at the history of the problem helps tracing the 
evolution of the ideas and methods of investigations on the swimming mechanisms in 
fishes and dolphins. Some of the above papers are now only of historical interest, to a 
certain extent. This is true of investigations advancing rather simplified suggestions which 
permit only very general understanding of the principles of thrusting (Smith, Stone, 1961; 
Lavrentyev, Lavrentyev, 1962; Shuleykin, 1968). Certain publications (Lighthill, 1975; 
Kozlov, 1983; Romanenko, 1986 and other) contain a more or less completed mathematical 
analysis of the problem, and their simplifications seem logical. These authors present 
design formula, providing for experimental verifications. Such papers, in their turn, can 
be divided into two categories. Some of them consider the problem to be planar, others - 
as a spatial one. The spatial approach to such studies is essentially more interesting 
because it can more adequately reflect the real conditions of swimming in fishes and in 
dolphins.

1.1. The planar approach to the problem

In this case, by the planar pattern of the problem we mean the movement of an 
infinitely extended profile (along the third coordinate). With that, the parameters of the 
movement vary only in terms of two coordinates. Planar problems are also called two- 
dimensional ones.

1.1.1. The theory of fine profile with undulating oscillations

We shall begin with the discussion of Siekmann’s (1962) and Wu’s (1961). papers. 
These authors were the first to strictly solve the two-dimensional problem of small 
oscillations of the thin wing within a stationary flow. These two publications are 
physically equivalent, though they do differ in details. They are both based on the previous 
studies of the behaviour of the thin wing within an non-steady-state flow, which were 
advanced by Theodorsen (1935) and Schwarz (1940).

Siekmann and Wu considered the behaviour of the flexible thin wing making small 
transverse oscillations and longitudinally streamlined by the stationary two-dimensional 
flow of an incompressible ideal liquid.
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Siekmann developed Schwarz’s theory (1940) of boundary and free vortexes. In that 
theory, thin wing is represented by the distribution of boundary vortexes and the trace - 
by free ones. Wu used the theory of Theodorsen (1935) but instead of the potential of 
velocities he employed that of accelerations.

Fig. 1.1 displays the scheme from Siekmann’s paper. The plate Pq (the skeleton line 
is marked as P) extends from x -  -1 to x = +1. In the general case, the transverse shifts of 
the wing are given by the function

y  = h ( x , t ) ,  - 1 < x < + 1, ( 1 .1)

It is suggested that

M i  i i
w < < 1>  * < < l  a < < l  (1 '2)

In further consideration, the wing is replaced by circulation. The author believes that 
from the tail part of the wing there runs off a vortex sheet situated within the wing у = 0 . 
With that, he thinks that Zhukovskii’s postulate about the finitude of transverse velocity 
is effected on the back end of the wing.

There are concrete calculations for harmonic oscillations of the wing. The main 
hydrodynamic forces are computed by means of the following relations.

The lift

l
L = J Дp (x ,t )dx .  ( 1 .3 )

-i

The moment with respect to 0

Fig. 1.1. Flexible solid plate immersed in a uniform parallel flow with velocity U from the left. (Redrawn 
from Siekmann, 1962).
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1
М = j  xAp(x,t)dx. (1.4)

-i

The thrust

1 /  П7 \
7  = dx + Ts. ( 1 .5 )

The power input

l f  дкЛ
Р  =  - [ ( Д р ) д^ —  dx. (1 .6 )

In the relationships cited above Ap is the distribution of pressure on the wing derived

( d h \  ( d h )
by the wing theory with the help of Theodorsen’s function, (Ap)R, -г and \\a x  j  R \ o i j R

mean the real part of the values, Г is the suction force at the front edge of the wing. 
The hydrodynamic efficiency was found as the relation

TU
4 = —  . (1.7)

Here, the dash above means the time averaging.
The final expression for the thrust, the capacity and the efficiency are very bulky and 

include the special functions of Theodorsen and of Bessel.
Siekmann made his calculation for the case when the wing makes oscillations 

following the law

у = (c0 + c^x +c2x 2)cos(ax-fi t) .  (1.8)

2  n  о  2л;
Here, a is the wave number equalling a  — —  , and p  -  — * is the circular frequency,

A
A is the length of the propulsive wave, TQ is the oscillation period.

Figs. 1.2 -1 .4  show the calculations of the thrust coefficient (the solid lines) for three 
laws of the wing deformations: with a constant amplitude on the wing length, with a 
linearly increasing amplitude and with that increasing by the square law. The latter case
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Fig. 1.2. Thrust coefficient vs. reduced frequency for constant amplitude. (Redrawn from Siekmann, 1962).

is regarded to be most corresponding to the real law of deformation in the fish body. The 
so-called reduced frequency is thought to be the argument in these graphs.

iв
© = - •  (1.9)

It is noteworthy that the thrust coefficient equals zero when the reduced frequency is

w = a, ( 1 .Ю)

which corresponds to the case when the propulsive wave velocity equals the velocity of 
the flow of liquid

Fig. 1.3. Thrust coefficient vs. reduced frequency Fig. 1.4. Thrust coefficient vs. reduced frequency
for linear amplitude function. (Redrawn from fo r qu ad ra tic  am p litude . (R edraw n from
Siekmann, 1962). Siekmann, 1962).
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Fig. 1.5. Swimming efficiency for a uniform wave amplitude. (Redrawn from Wu, 1961).

Fig. 1.6. Swimming efficiency for a linearly varying wave amplitude. (Redrawn from Wu, 1961).

C = U .  (1.11)

Here, it is again very useful to emphasize that the calculations were effected on the wing 
with its thickness striving to zero.

Figs. 1.5 and 1.6 (both are taken from the paper of Wu (1971)) demonstrate the 
efficiency as depending on the reduced frequency in cases of the constant and of the 
linearly increasing amplitudes respectively (cr in the paper of Wu is equivalent to со in 
that of Siekmann, like a  and к). The negative values of к correspond to the propulsive 
wave spreading from the tail to the head of the wing.

A similar problem was considered in paper (Smith, Stone, 1961). However, because 
the authors disregarded the vortex sheet, results were wrong. The authors of paper (Pao, 
Siekmann, 1964) pointed out these mistakes and introduced their own corrections.
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1.1.2. Comparison with the experiment

Paper (Kelly, 1961) describes experiments specially designed for verifying the 
theoretical results of Sikmann and Wu. The experiments employed a metal and a rubber 
plates of the following dimensions: 30 cm long, 10 cm wide. The rubber plate was 3 mm 
thick. The plates were placed into a stationary flow of water and were induced to 
oscillations by special plungers. In this way, it was possible to provide the plate with 
three regimes of motion: with a constant amplitude, with a linearly increasing amplitude 
and with a squarely increasing one. The respective laws of transformation of the plates 
were regarded as some running waves

hl ( x , t )  =  - ^ c o s ( C Q t - k x ) ,  (1.12)

h2( x , t )  =  -X- c o s ( c o t - k x ) ,  (1.13)
16

h3 (x, t )  =  (0.023 -  0.028x + 0.035x2) cos - k x ) .  (1.14)

The last formula is thought to be best corresponding to the motion of the salmon.
In another experimental study of the same author (Kelly, 1961) the last law of 

deformation is regarded as

h3( x , t )  =  (0.023+ 0.042x + 0.035x2)cos(m ^-b:). (1-15)

The velocity of the flow could vary from zero to 0.9 m s 1.
The results of the thrust measurements are presented by circles in Figs. 1.2 - 1.4. It

came out that in all three cases the measured values of thrust were smaller than the
calculated ones. This can be attributed to the fact that the theory disregards the surface 
friction on the plate and the respective losses of expenditures.

1.1.3. The profile in the time-variable flow

Paper (Wu, 1971) considers the problem similar to that discussed in papers (Wu, 
1961; Siekmann, 1962) but here for the case of the time-variable velocity of swimming 
(the velocity of the onrunning flow U = With that, the motion begins at the moment 
t -  0. The scheme explaining the formulation of the problem is similar to that in Fig. 1.1. 
The problem is solved by the technique based upon Prandtl’s potential of accelerations. 

The following expressions were derived for the thrust and the kinetic energy of liquid
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1 d  00
T = - n p (a 0 +b0 - $ 0\ а0-b i+  $i)+ $о$1 “ т Е А . ( ^ 1  "  ) (1.16)

2 n=1

and

j J  00 1
E = - n p  U(t)(a0+b0)(bl - a 0) + — ^ — (bn_l - b nM)2. (1 .17)
2 ш "  4w

The expression for the capacity can be obtained by using the law of energy conservation

P = TU + E. (L18)

In the above expression

Ta0(T) = -  J [b0(t) + b{ (т')]я (т -  t)dr' + fr, (t), (1.19)
0

2 71

bn(r) = —^v(x,t  (г)) cos n6d 6 ( x-c 0,1,2...), (1.20)
77 0

 ̂ £+z°°
Я (т ) = —  |> t f ( s ) &  (e>0),  (1.21)

2ш / .
£ - l ° °

й м =
K 0(s) + K ,(s)

KQ and K] are modified Bessel’s functions of the second type 

2 n(3n(t) = — jh(x,t)cosnddO (x=cosd;  0,1,2,...), (1.22)
n  0

A, = d̂ \  r{t) = \u{t)dt (t > O). (1.23)
dt i
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The obtained expressions were used to estimate the motion of the wing in two particular 
cases:

1. the motion begins at the moment t -  0 and continues at constant velocity of the 
onrunning flow U;

2 . the motion begins at the moment t = 0 and continues with a constant acceleration. 
Let us discuss both cases one after the other.
In the first case, the motion is described by the expression

h ( x , t )  =  \ ( х ) е 1С0\  ( - 1 < x < 1 , £>0) (1-24)

and h =0 for t < 0. U -  const, Hence, x =Ut. Then,

v ( x J )  =  v l ( x ) e lC0t ( -1 < x < 1 , f> 0 ), (1-25)

(  d \
v{( x ) = U  ~7~ +  lc7A | (L26)

у  UX j

g  — colU and v = 0 for t < 0

The estimates show that for small values of т

ао(0 = Ь1- ^ ф 0+Ь1), (1.27)

and for very large ones -

a 0( t )  =  b l - e ( c r ) ( b 0 + b l ), (1.28)

where @(<T) = --------- 1 ^'— -------= F ( o ) + iG ( o ) — is Theodorsen’s function.
K 0( ia ) +  К  {(itt )

Expressions (1.16) and (1.17) may be used to compute T, E and P. These values
prove to be asymptotically close to stationary ones already atT > 10, i.e. after the body
moves to a distance measured only by five chords, if a  is not very small.

In the second case, the motion is described by the expressions.

U (t) = at(a > 0,t > 0) (1.29)

and
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1 3
h(x, t) = -  p 0 (t) +  Pa ( 0  c o s  0(x  =  c o s  пв,0 < в  < n). ( 1.30 )

Here, the cubic law of deformation is accepted for the wing. Hence,

dh dh 1 nv(x,t) = — + a t — = —b0(t) + 2 j b n(t) cos n6, (1.31)
dt dx 2 "

т = \u  (t)dt+]-at2 (i.32)
0

and

bn = $ n + ) (n = 0,1,2,3), 0(F)is the remainder of bn. (1.33)

It is suggested that for small values of t we can write

A ,(0  = I X / >  = 0 ,1,2,3). (1.34)
m=2

As a result, we get 

T -\ п р ф 02 + Д°2 -4 /3 02/312) r  +

+3 j M A b - з А г) + А ,о з 12- | / з т ) (3 + o « ‘ ). <L35)

Г = ( я р |  |Э ю  + ^ А 22 f  + 3 f i . A '  + A V A l  <2 + 0 ( ( ! ). (1.36)
Z Z j  |_ 4

It is noteworthy that the thrust increases like t2, and with small value of t it is very 
small. The capacity is increasing like t, because the capacity expenditures after the 
onset of the motion are already quite obvious, while practically the thrust is still absent.

A qualification of the optimal law of deformation at the initial stage of motion shows 
that
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f 1  = - L 2 4 - (1.37)
P 02

With this condition, the thrust is maximum at some fixed power.
The expression of the vortex sheet intensity in the trace can be derived in the following 

way

У(1’0  = - - д ^  (Д)2 + А г) + ~ ( А »  + P n ) t + 0 ( t 2)• (1.38)

One can see that right after the start (with t —> 0) there begins an initial vortex from 
the back edge.

1.1.4. The thickness of the oscillating profile as affecting the hydrodynamic
forces induced by this profile

The next group of papers (Uldrick, Siekmann, 1964; Reece, Uldrick, Siekmann, 1964; 
Uldrick, 1968) deals with the impact rendered by the thickness of the oscillating profile 
upon the hydrodynamic forces, developed by this profile, and with their efficiency. The 
problem is still considered as two-dimensional. Fig. 1.7 displays a scheme explaining 
the formulation of the problem. The scheme is taken from paper (Uldrick, 1968). The 
system of coordinates is linked with the profile. Unlike the papers discussed above 
(Siekmann, 1962; Wu, 1961), these ones (Uldrick, Siekmann, 1964; Reece, Uldrick, 
Siekmann, 1964; Uldrick, 1968) employ the theory of the complex pattern of the flow 
streamlining the profile. The pattern is variable in computations. Instead of studying the 
pattern of streamlining over the profile, the authors examine the streamlining over a 
circular cylinder by using the method of conformal transformation (Fig. 1.8). From 
complex variables z=x +iy in the plane section of the profile the authors transit to complex 
variables £= £ + /77 in the circular plane where the profile is transformed. The expression 
for the complex potential of velocities, satisfying the stationary boundary conditions, is 
accepted as

Fig. 1.7. Profile plane (z -  plane). (Redrawn from Uldrick, 1968).
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17ЛГЛ U ( r  b2]
f 0( O  = - C + Y '  (1-39)

V * J
where b is the radius of the circle.

As the profile, the authors take the symmetric profile of Zhukovskii situated along
the axis x from -L to +L and, after the transformation, described by the following
expression

z = / ( D  = !  C - £  + (^ _ ^ -  + E , (1.40)

where £ is a small positive value characterising the profile thickness, while

0 < £ < b  Cl-41)
and

E  -  L  - b л- e. (1.42)

The displacements of the profile are given as

D (z , t )  = iH * '(x )eka, (1-43)

where i = V—1 and the symbol ionly shows that the displacements are perpendicular to

the axis x; H*(x) is a complex value.
Within the frameworks of the theory of small perturbations the total potential of 

velocities can be presented as the total of three components

f  = f 0( O  + f ,(C ,0  + A ( C ,0 ,  (1-44)

Fig. 1.8. Circle plane ( £  -  plane). (Redrawn from Uldrick, 1968).
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where the first component is revealed by the expression (1.39). The second component 
characterises the complex potential of velocities, satisfying the non-steady-state boundary 
conditions, and looks as

r j i cot 2 и
Fl{£,t) = —  j G ( t f ) l o g ( C ^ ) 2k/tf, (145)

0

where

f  \

w » = - R e i  *
bd& \ f ' ( b e m) d d  (1-46)

V * ' /J

Here, Re demonstrates the real part of the complex value,

o  = (tib/U (1.47)

and

H*l ($) = H*(x). (1.48)

The third component is the complex potential of velocities and is related with the vortex 
sheet in the trace. It is written as follows

m , t )  = (1.49)

where

2 c £ f ! r

1 + (1.50)
2 n b { ^ - b

T = f '  dX(> ' J t \ £ & L d C 0 (1 5 1 )
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r . = — т р 1 - (1-52)
b

The values b and с can be calculated from the expression (1.52) by the reverse 
transform of Fourier, because they may be presented as

G(0) = 2 Pnsin n d  -2 ^ T -  (bn -  cn) sin л 0 . ( 1 .5 3 )
/2=1 /2=1 Ь

The hydrodynamic pressure affecting the profile can be found by using the non-steady- 
state equation of Bernoulli. As a result, the pressure distribution can be written as

t - t . q  4 T , ( d F  1 d F  3 f )Tl(d,t) = - p R e  —  + —  . / 1 5 4 ч
( л  2 | / ' |  э ;  d i  J ^ , ,

Here, Re, as before, demonstrates the real part, the dash above - the complex conjunction.
The force and the moment exercised by the profile can, as usual, be integrated from 

the pressure distribution along the profile length. Here, the expressions for the force, 
the moment, the thrust, the capacity and the kinetic energy of liquid are not cited because 
of their bulkiness.

The numerical estimates are made for the profile in which the law of deformation is 
expressed by (1.43) and the amplitude function looks as

H \ x ) = (d0 + d xx  + d 2x 2)e~iax, ( -L  < x < L ) .  (1.55)

This law reveals a wave running along the profile from the point x - - L  towards the 
pointx = L. The amplitude of the latter increases according to the expression (1.55). For 
the coefficients dQ, d x and d2 the authors accept the following values

d0 = 0.023, d x = 0.042, d3 = 0.034. (1.56)

Fig. 1.9 demonstrates the thrust coefficient determined by the expression

( i -57>

where T is the thrust depending on the reduced frequency for different values of the 
profile thickness at a  = n .One can see that the thrust is slightly decreasing with the
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Fig. 1.9. Thrust coefficient vs. reduced 
frequency. (Redrawn from Uldrick, 1968).

Fig. 1.10. Hydrodynamic efficiency vs. reduced 
frequency. (Redrawn from Uldrick, 1968).

increasing profile thickness. A similar picture is observed in the power coefficient found 
by the expression

Cp =^ '  d -58)

where P is the power spent on actuating the profile.
Fig. 1.10 shows the dependence between the hydrodynamic efficiency and the reduced 

frequency for various values of the wave number a  (0, 1/2тг and 71) at 8 = 0.2. It is 
clearly seen that the efficiency increases with the increase in a.

Fig. 1.11 also presents the dependence between the efficiency and the reduced 
frequency at a  = 0, but here the parameter is the value 8. It comes out that the effectiveness 
of the oscillating profile increases when its thickness grows.

The paper compares numerical estimates with the results of special experiments. 
The experimental profile corresponded to the theoretical one and was made of rubber. 
Fig. 1.12 demonstrates the experimental data as compared with the theoretical ones.

1.1.5. The value of thrust, caused by the two-dimensional thin platelet, as 
affected by the free surface of liquid

Paper (Reece, Uldrick, Siekmann, 1964) examines another very important problem, 
namely that of the impact rendered by the free surface (in the general case - disturbed 
surface) on the value of thrust in the thin plate oscillating under this surface. The scheme 
explaining the problem is presented in Fig. 1.13.
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Fig. 1.11. Hydrodynamic efficiency vs. reduced 
frequency. (Redrawn from Uldrick, 1968).

Fig. 1.12. Thrust coefficient vs. reduced 
frequency. (Redrawn from Uldrick, 1968).

The thin plate with undulating oscillations is situated along the axis x  in the section 
from x = - l t o x  = +l. The plate is deepened beneath the free surface to the value D. The 
flow runs on the plate towards the positive values of the axis x at the velocity U. The 
deformation of the plate is determined by the equation

y=Y(x,t), - I< x< + 1.  (1.59)

It is suggested that the displacements of the plate are small as compared with the 
semichord of the plate, i.e.

Fig. 1.13. The flexible plate. (Redrawn from Reece, Uldrick, Siekmann, 1964).
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, . Э Y д Y
| у |7 < < 1 ’ t o < < 1 - ¥ < < 1  <L60)

The free surface may be subjected to perturbations like rj{x, t).
The problem is formulated for the case of a periodically oscillating plate, i.e.

Y(x, t)=H(x)ei(at. (1.61)

In the course of the experiment the plate is substituted by a vortex circulation with 
its intensity varying in accordance with the law

у = y (x )e /ft)',  - l < x < l .  (1-62)

When the plate is moving, the vortex sheet from its sharp back edge goes off into the 
trace and presumably remains in the plane у = 0. The intensity of the vortex sheet in the 
trace can be presented as

e(x,t)= - i k r гш e ik(x~1}, x > 1. (1 .63)

Here, к -  w/U is the reduced frequency and

l
Г  = j  у (x ) d x . 54)

-1

Further on, as usual, the potential of velocity Ф is introduced, satisfying the equation 
of Laplace and certain boundary conditions on the plate and the free surface. Then the 
pressure distribution on the plate is found, as well as the hydrodynamic forces.

Fig. 1.14. Thrust coefficient vs. reduced frequency for quadratic amplitude function. (Redrawn from Reece, 
Uldrick, Siekmann, 1964).
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Fig. 1.14 shows the calculated dependence between the thrust coefficient and the 
reduced frequency for two values of deepening. In one case (the upper curve) the 
deepening equals 50 semichords, in the second case D - 1/4 semichord. The law of 
deformation for the plate is accepted as

H(x)=(c0+c{x+c2x 2)e'ax (1.65)

at cQ = 0.023; с = 0.042; c2 = 0.034 and a  = n. One can see that the impact of the free 
boundary of liquid is significant only when the plate is situated directly beneath this 
boundary. But even in this case such impact is obvious only at very small and very large 
values of the reduced frequency. It is characteristic that within the range of low values 
of the reduced frequency this impact is particularly essential, beginning with a certain 
critical frequency к = 0.8935. Within the range of zero values of the reduced frequency, 
one sees the wave resistance due to the impact of the free surface.

1.1.6. The possibility of animals’ intake of energy from the wave flow

Some observations demonstrate that, under certain conditions, animals (fishes, birds) seem 
to move in such a way as if the part of the energy, necessary for their motion, is borrowed 
from the environment. For example, when in turbulent rivers we see salmons striving to their 
spawning areas, their movement does seem to depend much on the velocity of the counterflow, 
though the resistance to their motion should sharply increase when the flow velocity grows. 
Seagulls can make long flies over the turbulent surface of water and do not seem to be 
spending particularly great energy. These observations encouraged scientists to address the 
theoretical problem of the animals’ possible borrowing of energy from the environment when 
there are optimal relationships between the animal’s kinematics and the wave parameters in 
the onrunning flow. Paper (Wu, Chwang, 1975) examines a simplified physical problem about 
oscillations of the two-dimensional carrying surface (of the wing) in the wave flow. The 
scheme of the wing motion is displayed in Fig. 1.15. The onrunning flow has a constant 
velocity U. Besides, a simple transverse wave is spreading in the flow towards the axis x. 
The velocity of this transverse wave towards the axis looks as

Here, 8 is a scale multiplier regarded to be small. Under such conditions, the movement 
of the thin wing can be described as

VQ(x, t) = eUsin (kx—cot) = ieUe Um,' kx>. (1.66)

у -  h{x,t) = yh+yp, -1 <x< 1; (1.67)

уh = Osi + l^ ) e ш> ур= (£з + )xe ( 1-68)

where yhis the heaving motion of the wing and is the pitching motion. The motion 
amplitudes can be presented as
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4  = (§,Ч 4 2)172, Sp = (1.69)

and the respective phases as

A  ̂ \  С <> \
a h -  arctg, a p =  arctg. ( 1 7 0 )

U ' J  l <=47

The wing is believed to be oscillating with the same frequency as the flow. The 
problem of the wing oscillations in stationary flows was discussed in several papers 
(Wu, 1971; Lighthill, 1970). Therefore, without going into too many details, the solution 
of the problem can be written as the expression for the density distribution of the lifting 
power on the wing

J(x,t)=p (x,t)- p+(x,t), | x | < 1. (1.71)

With this, the respective boundary conditions on the wing and in the trace are regarded 
to be accomplished.

The instantaneous values of the lifting power and of the moment in respect to the 
middle of the chord look as

l

L= J Ax,t)dx=npU2{a0-bl-b0icr/2+2e(l- d y ) ] (1.72)
-1

1

M=-j* %Ax,t)dx= (nplP/Z) {a(j+b,idA+2ie{ 1 -o tfiU X ) } еш, (1.73)
-1

where

Fig. 1.15. A schematic representation of the wing in a wavy stream. (Adopted from Wu, Chwang, 1975).



Chapter 1. Theoretical models of swimming 19

v(x ) = Y M e ‘"< = h l  + b x  ( 1 .7 4 )
w  u 2

a0 =bf - (bQ + Ьх)в (о )  - 2e[W, Of, a) - i o)], (1-75)

0(o) =Kx(ia)/[K0(ia) + tf,(io)] = Д о )  + iG(o), (1.76)

W, - /W2 = 7, Of) [l-0 (o)]. (1-77)

Here, ©(a) is Theodorsen’s function of the frequency, Jn is Bessel’s function of the first 
type, К  is Bessel’s modified function of the second type, % is the wave number. The 
distribution of forces on the wing is displayed in Fig. 1.15.

Using the expressions (1.72) and (1.73), it is easy to compute the thrust

„  J d h \  c
T = L —  +S (1.78)

the power necessary to support the motion

( d y p )
P = - L y h + M  — F

OXV J

and the kinetic energy transferred to the liquid per unit of time

E =P-— TV. (1.80)

Here, S is the suction force on the anterior edge of the wing.
It is more convenient for the analysis to calculate not the very expressions (1.78) - 

(1.80) but the respective coefficients

cp = R e ^ - ic r [ (v lf l) - 2 e ( J l + iJ 0) \ g l ,h )  + 2e  ^  ( v ^ j ,  (1.81)

cE =Re|fl|<v1/ 1>|2 +2e c ( x , o ) ( v J l) +  ~ - l  <v,g2> - 4 e 2lT2|  (L82)

and
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h = h (x , t ) e 4a" , (1.83)

where the following symbols are introduced

/ /* )  = l+x> *,(*) = d -  e )x + 0 , (1.84)

g 2(x) = - ( l - x 2) ] e - ixH l - ^ y 1'2^ ,  (1.85)
я_i C, X

B(d) = F - (F2 + G2), (1.86)

c(x,o) = (1 - 20)(W{ + iW2), (1.87)

W2 = | IT, + iW2| 2 = W 2 + W 2, (1.88)

The parentheses () denote the scalar products of the following type

= ^ j f ( x ) g * ( x ) ( l - x 2y m dx = <g j ) *  ( 1 .8 9 )

Froude’s efficiency can be written as

UT cT .cF
n  = l r  = f  = i - f -  (1.90)

Г LP LP

The problem under consideration may reveal the following cases:

0<77< 1, 0 <cE<cp, (1.91)

Г] > l, c E< 0 < c p, (1.92)

?7 < 0 , cE <cp< 0. (1.93)

The case (1.91) has been already discussed before. It demonstrates the situation 
when the wing is streamlined by an undisturbed flow with the constant velocity U. Part 
of the energy, transferred to the wing, is consumed by the flow, the rest of the energy is 
realised as the thrust.

The case (1.92) reflects some partial consumption of the energy from the flow, but 
still certain excessive energy is necessary to actuate the wing.
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Fig. 1.16. The qualitative illustration of the extraction of flow energy by fish and birds in a wavy stream. 
(Adopted from Wu, Chwang, 1975).

The case (1.93) describes the situation when much energy is consumed from the 
flow, but the excessive energy is not spent at all.

Possibilities for realisation of the two last cases depend upon the relationships between 
the parameters 8, a  and %. If we consider the problem of optimisation, it may be 
demonstrated that in reality there can be such relationship between the above parameters 
at which animals can utilise the energy of the flow so that to considerably facilitate their 
own motion. For example, in such cases when the wing chord must be approximately 1/ 
30 of the wave length in the flow.

Fig. 1.16 illustrates the mechanism explaining how the animal, for the sake of its 
motion, borrows the energy of the flow. The onrunning flow has components of velocity: 
c0 is the velocity of the wave propagation, VQ is the transverse amplitude of velocity. 
The wing is moving at the mean velocity U + cQ towards the negative values of x. One 
oscillation period is divided into 8 moments.

Fig. 1.16 also indicates the forces affecting the wing at these moments of time (the 
arrows). The double arrows show the direction of the local flow in respect of the wing. 
The scheme presents the motion of the wing as optimal and the transverse velocity of 
the wave VQ(x) as increasing the effective angle of streamlining over the wing, which 
leads to the growth of the thrust at all stages of its movement.

The described scheme is strongly simplified and explains the energy - borrowing 
from the onrunning flow in birds flying above the stormy sea surface rather than in 
fishes swimming in turbulent flows. But in the second case, too, the principle of 
consideration remains the same, though the turbulence of the flow should be regarded as 
more complicated.
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1.1.7. The decrease of hydrodynamic resistance of dolphin and fish due to
propulsive wave

There is an interesting hypothesis in works of L. I. Korennaya (1983,1987). It describes 
a possible mechanism of the friction resistance decrease on the undulated body. By simple 
reasoning she shows that while a propulsive wave spreads along a flexible plate moving in 
water, its particular elements can move in either directions: along and against the flow. The 
profile of velocities in the boundary layer at elements, which move streamwise, is more 
disturbance resistant than the profile on a plate without propulsive wave. But due to the 
increase of velocity gradient in the velocity profile, local friction resistance at these elements 
is slightly higher than the resistance at the plate without propulsive wave. However, the 
positive effect of increase of velocity profile stability under the supercritical Reynolds 
number is significantly greater than the negative effect of increase of friction resistance. 
The velocity profile at those elements of the plate, which move antistreamwise, is less 
disturbance resistant. However, due to decrease of velocity gradient in the boundary layer 
velocity profile, local friction resistance coefficient is a bit less than the resistance coefficient 
at the plate without propulsive waving. In subcritical Reynolds number conditions risk of 
turbulization of the boundary layer at these elements of the plate is small, and the positive 
effect of friction reduction is dominant. Thus, according to L. I. Korennaya, the mechanisms 
which control the boundary layer and friction resistance under subcritical and supercritical 
Reynolds numbers conditions are different. The characteristics of the forming boundary 
layer depend on the relation between the velocity of the plate surface movement and the 
flow velocity, which looks like

P _  w/ c
p ~  —  ~ ------- , (1.94)wt с -  V 4 '

when Y = Y and likemax

dy  
c  +  v v —  

P  =  ^ L =  _ d x
w* d y  ,' с — v —

y d x

(1.95)

when Y = 0. Here v is the velocity of the plate movement, с is the velocity of the 
propulsive wave, which spreads along the plate streamwise, v-dyldt} у is instantaneous 
value of the plate deflection caused by the propulsive wave, x is a coordinate in the 
direction of the plate movement. The coordinate system, direction of the plate movement 
and of the wave movement are shown in fig. 1.17.
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The values presented in the figure are defined by the following expressions: 

у  = A(x)sin(otf + jSv + (p0 ), (1-96)

v = —v
У У

dy_

d t
= -A{x)co  cos (cot + /3v + <p0),

—►  ̂ / —*• ̂  *■ ̂  | 
w , =  (c +  V j-lcosa(1 + v sin cc;J,

(1.97)

(1.98)

w,'* ~kl = ( c -v )c o s a ;! - v  s in a ;! = cos a. ( c -v ) - (1.99)

Fig. 1.17. The co-ordinate system, the plate moving direction and the velocities scheme. 1, 2, 3, 4 -  is a 
working elements of the wave propulsor. (Redrawn from Korennaya, 1987).
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w, -  - c  cos a,, + v s in a (J, (1.100)

I - I  f  d y )w i = \w i \ =  cosa„ c + v„— . 
1/1 (1.101)

The case of P>0 corresponds to the streamwise movement of the plate element, the 
case of P <0  corresponds to the antistream wise movement of the plate element.

According to this hypothesis of L. I. Korennaya, decrease of swimming resistance 
can be explained by the fact that while a dolphin swims under supercritical Reynolds 
number the case of P>0 takes place, and while a fish swims under subcritical Reynolds 
number the case of P <0  takes place.

According to L. I. Korennaya this hypothesis is justified by the work of S. Taneda 
and Y. Tomonari (1974). They experimentally researched profiles of the velocity in the 
boundary layer of undulating flexible plate in a water stream. They discovered that 
undulation of plate causes velocity increase within the boundary layer. In this case if 
c>v (с is the velocity of the propulsive wave, v is the speed of the flow) then profiles of 
the velocity are more convex in comparison with the profiles of the velocity on the flat 
plate without undulation. However it is known (Romanenko 1972b, 19860 and this 
work), that undulation of the flexible plate is accompanied by formation of favourable 
(negative) gradient of dynamic pressure, which explains the results of S. Taneda and Y. 
Tomonari. It is possible, that the mechanism described by L. I. Korennaya also contributes 
its part. A thorough theoretical and experimental study of this mechanism is needed.

Now we have to add several words about this hypothesis and the explanation of how the 
dolphin controls its boundary layer. This mechanism can work only on the dorsal and ventral 
sides of dolphin’s body. But modification of the boundary layer structure was discovered 
experimentally on the lateral side of dolphin’s body, where the described mechanism can not 
work (Romanenko, Yanov 1973, Romanenko 19860, Kozlov, Shakalo 1973).

Spatial (three-dimensional) problems analyse the motion of volumetric bodies in 
which the shape, dimensions and parameters of the motion vary towards three coordinates. 
Such problems are dealt with in a considerably few papers, though the latter are of 
special interest. We shall discuss them in more details. To begin with, we shall take the 
paper of Lighthill (1960) which is a most important one, regarding both the author’s 
results and the priority of the topic.

1.2. The spatial problem



Chapter 1. Theoretical models of swimming 25

1.2.1. The theory of the thin fish-shaped body

The author considers the motion of a thin fish-shaped body in an ideal liquid (Fig. 1.18). 
The body is situated along the axis x and is streamlined by the flow with the velocity U. 
The body is believed to be of cylindrical shape, its cross section does not change much 
in the length. The flow of liquid streamlining the body is regarded to consist of two 
components: the constant flow streamlining the immobile body, and the flow conditioned 
by the transverse movements of the body. These movements follow a certain law h(x,t). 
In this case, the transverse velocity of the body’s elements may be presented as

The pattern of the flow, streamlining the fish-shaped cylindrical body during its 
transverse movements, is thought to be identical to the two-dimensional potential flow 
formed during the transverse motion of an infinitely long cylinder at the velocity v(x,t). 
In this case, the pulse of the flow looks as

Here, the value rA(x) has the pattern of the “virtual mass” of the cylinder per unit of 
length for such transverse motion.

The instantaneous force, affecting a unit of body length towards the body’s normal, 
may be written as

The power, developed by the body during its motion, may be calculated in the 
following way

Fig. 1.18. The co-ordinate system in the body frame of reference. (Adopted from Lighthill, 1960).

/ \ dh dh  
v(x) = —  + U —  

W  dtdx
(1.102)

p v (x, t) A (x). (1.103)

L(x,t) = - p [  ̂ ~ + U -^-1{у(х,г)А(х)}
dt

(1.104)
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W
o \ dt J

—  + U —  
dt

dh

~dt
v (x , t )A (x ) dx

dx

'X

d

dt

i dh i 1 ]
p j — v(x, t )A{x)dx -  — pJ  v2 ( j- +

(1.105)
dh

~dt
!{x,t)A{x)

After averaging the data obtained for a long time, the first member, which is a time- 
product, will disappear and only the second member will remain in the equation

W  = pUA(l)<
\ ( Щ д к + и д Н у

1  dtу  dt + Эх Jj (1.106)
X = 1

The integration was effected along the body length from the head (its coordinate is x 
= 0) to the tail (its coordinate is x = /).

The time-averaged kinetic energy of the liquid, actuated by the transverse oscillations 
of the body, can be described as

-  1 T
E -  — p v  A  and x  = I. (1.107)

The value of total thrust can be derived from the difference between the power, 
developed by the body, and the power of the flow of liquid in the trace. This difference 
is divided by the forward velocity motion of the body:

W - p v
—  А и л

U
(1.108)

or

T = p M f i

V 2  V

( ^ L ] 2 - u 2( ^ L  Y
Э Н  I Эх.

x=l

(1.109)
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The hydrodynamic efficiency can be found as the relation

( d h  Э/г Y  
-  —  + U  —
_ T U _  dtdx I ,____

' ~ V ~ \ № Y 9 H + u 9H I  •
\dtf  dtdx)\x=l

(1.110)

If we want to stick to some concrete law of body deformation, for example as

(  x \
h (x , t )  = f{x)g t-—  , ( 1 .111)

V )

where the function g{t) may look as

(  хЛ
g{t) = cosco t--, ( 1 .112)

V )

the hydrodynamic efficiency may be presented in an expanded form

[( иЛ  /  / ) ( M l2
i - - № ) g ] t - -  \+ U f ' ( i

n  - 1 fy 7 v c ; v c  Ji
2 7 1\[( \ 77 Л /  7 Л 7 / Л)

Д / ) И  2 - -  1 - F  / ( / ) g  7 -  +  £ / / ' ( / ) *  Г - -

v C A  c y v C J V c Jj

or

fi
Tj — \— к T J  ---------------------

9 f  JT\  ------
\ i - -

V C J

(1.113)

(1.114)

Here, as before, the dash above means the time-averaging.
Searching for the optimal shape of the body oscillations, when the efficiency could 

be close to 1, Lighthill derives the condition
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/ ' ( / ) - *  0 .  (1.115)

This condition is satisfied by two versions of the law of body deformation: the constant 
amplitude along the entire body and the constant amplitude only within the tail area. It 
is very hard to understand this condition physically and its modulation seems to be even 
more difficult.

The problem, similar to that solved by Lighthill, was formulated in similar situations 
by G.V. Logvinovich, Academician of the Ukrainian Academy of Sciences (1970a, 
1970b). However, Logvinovich’es approach to the solution of this problem is physically 
more understandable, owing to the theory of the “penetrated layer” on which he bases 
his explanations. Besides, unlike Lighthill, Logvinovich calculates the thrust not from 
the law of energy conservation but directly by integrating along the body length the 
elementary forces projected on the motion direction. As a result, it becomes possible to 
calculate the suction and the thrusting forces separately.

G.V. Logvinovich analysed the motion of the thin body in an inertial system with the 
coordinates x, у and z. The system is moving in an unlimited liquid medium towards the 
axis x. The scheme, as well as all of the symbols, were taken by the author from paper 
(1970a): the abscissas of the body ends x { and x2; hence, the body length Lp -  x2 - x v R(x) 
is a big semiaxis of the elliptical transverse section of the body; the value dR/dx is small 
throughout the body length, s is the longitudinal curvilinear axis of the body , which 
does not differ much from the axis of the abscissas.

As it was mentioned before, this theory was based upon the concept of the ’’penetrated 
layer”. According to this concept, the body, passing through a certain layer of liquid 
(“the penetrated layer”), which is immobile in respect of the stationary liquid, induces 
in this layer some transverse, almost plane, close to that of ideal liquid. With that, a flow 
of pulses m * V v n is running off from the caudal fin of the body tangentially to the fin. 
Here, m *  is the apparent virtual mass equalling pnR2(x{), p  is the density of the liquid, 
V is the velocity of the body, vn is the velocity of the layer normal to the curvilinear axis 
of the body found by the expression

dr\ dri 
(1.116)

The specific normal force, affecting the body, develops there when the body passes 
through the penetrated layer and can be expressed as

28



Chapter 1. Theoretical models of swimming 29

dFn (x)vn{x,t)]ds=
at

=  ' ^ v ( b _ v i n Y j ^ _ 2 V ^ + v , i V ^

dx  1 dt дхI dt dxdt dx
L V /  V

(1.117)

Besides the normal force, the body is also affected by the so-called (“circular pressure” 
integrated by the counter of the body’s cross section 5* of the excessive pressure due to 
the velocity head when the body moves transversely. In such case, the specific suction 
force will be determined by the expression

-T- = - $ ( p - P o )  .
ds J

(1.118)

The specific thrust is a total of projections on the axis of the normal (with the reverse 
sign) elementary force and the suction elementary force. This specific thrust will be 
written as

dF = - d F  —  -  dP
X  И 'Лdx

(1.119)

The complete thrust can be derived through integrating the expression (1.119) by the 
body length.

In the case of the body’s periodical motion, G.V. Logvinovich offered a simple 
expression for the thrusting force originating in the flow of pulses running off

/  -  m (x, )V V  an(j x -  x
1 dt dx J dx  1

(1.120)

However, it is not difficult to demonstrate that the simplified formula for the thrusting 
force (1.120), offered by G.V. Logvinovich, is valid only for the case of the “eel-shaped” 
manner of swimming when the oscillation amplitude is constant along the body length. 
For this case, the thrusting force can be calculated by integration of

I = J  ̂ [m *  (x)v„ (x, 0 ] ̂  dx.
*1

(1 .121)

In this expression, the operation of time-differentiation looks as
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d  _ d d

dt dt dx

Let us transform (1.121)

(1.122)

(1.123)

By time-averaging of this expression and by integrating the second member of its 
right part, and also bearing in mind that m*(x2) = 0, we shall get

Х { ^  Х { JCj

Substituting (1.125) into (1.124), and remembering that 

v =
" dt d x '

(1.124)

(1.125)

(1 .1 2 6 )

we shall come to

Х\дц(d  d  ) «

XI \ /

, . Л А ]  . ]  7  / э
-  ' x r vnm dx---V—  —

;■ ( dt dx dx I dt dx dxx\ \  У1- -1 *1 V /

(*I .. ./f ,ГА, .1 1 V ,

J XjdV) */ \ 1 f * 7/  = V— v m ( x ) —  m — -  dx. 
dx n 1 2 J йсJCl

Now we shall transform the integral in the right part and get
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(1.127)

(1.128)

The first member in the right part exactly coincides with the expression for the thrust 
(1.109) derived by Lighthill. Here, the time-averaging is marked by the dash above. The 
second member in the expression (1.128) is nothing else but the suction force with the 
inverse sign. By transforming the expression (1.128)

(1.129)

(1.130)

(1.131)

j  =  m ( x l ) (dr) у  дт)У  dу  | 2у) +
2 dt  дхI dtdx дх II—V /V

1 *г 2 dwi .* 17 dt )
+ - J v „  —  - - V -  -  +

JC| I—\  /  _l А —Л|

m* (x ,) 1 A  dm* ,
+ — —  v „ + -  v n - - d x .  

2 2 J &*i

or bearing in mind that

-  m*(x,) 2
E - — v -

we shall finally write

/  = Vm*(x,)["f— - У — 1 ^ -1  + £ - P .
1 dt dx dxLV у Jx=̂ !

7 V It/^  drl ■vtfdr>)\V d r i  drl +  v 2 ( dr> f  1  +/  =m(Xj) V—— - - - V  —  + -  —  - V —— Г- + —  -3-  +
<?x <?2 , &  , 2 1 dt dx dt 2 dxV /  V /  , V 7 -U*,

1 ? - А п *  л

*1

Reducing the similar members, we shall finally obtain

-  m*(x,) ГЛ 7 Y T/2f * ? YI = v 12 —  - V  —  + -  I v„ -— dx.
2 dt y d t  2 ' dx\  /  V /  Д
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The first member in the right part is the simplified formula of G. V. Logvinovich. One 
can see that the complete value of the thrusting force is the total of three expressions: 
the simplified formula, the kinetic energy, and the suction force with the inverse sign.

Let us analyse the ratio between the two last members of the expression (1.131). 
First, we shall consider the “eel-shaped” law of body deformation

(1.132)

Then we shall write out the values of the derivatives in the expression (1.131) giving 
us (1.133)

(1.133)

Then we shall have (1.134) and (1.135).

(1.134)

(1.135)

Inasmuch as none of the motion parameters, comprising the expression (1.135), 
depends on the coordinate x ,we shall get

E = P, (1.136)

and only under this condition -

U V m \ Xl) ,
dt dx dxL \  J  J x = x l

(1.137)

dr] f  -  3
—  -CO T]0 COSCL) t     ,
dt V е )

^  = ^ с о 4 « - ^ 1
dx С С

(  x  - x \  
t] -  T]0sin COt —    .

V

( ц l)coV'](  
vn= 0J% -  r  - costy t — у  .

V c  )  v c

“7 1 2 2H  v V
V„ =-G> Щ .

/  С
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Now we shall analyse the periodical law of body deformation with a random amplitude 
function which is the function of the coordinate x

(1.138)

Like in the previous case, we perform the time-differentiation

(1.139)

Then

(1.140)

(1.141)

The expressions for the kinetic energy and for the suction force will be respectively

/  \  
/ 4 • x 2 ~ x  )r i= i l0(x)sm co  t  —— .

V ^  J

dri (  x 0 - x \
=  СОГ10 COS (0  t —    ,

dt v С j

*> =  si„  J ,  _  i z f l  + r , _  W |
dx dx I С J С I С J

(  VЛ ' (  - r )
v n = u r i o  1 - - c o s t o p - - ? —  -

V L JV
- V ^ L s i n  c o i t - ^ X

dx 1 С

-  c o X  fy V  ! V ^ f d r j A 2

v" “ 2 I C J 2 l ^ J '

V f  y V ^ 0|

2 |_ 2 (  C J  2 \ Л  J _
(1.142)

and

Ъ 1 2 ( лv Y ?  2 / V 2 Y dm*P  = —ft) 1 - — г/ (x )  Эх  —-—dx
4 С  j ** Эх 4 ;l Эх ЭхV /  *i \  /

(1.143)
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These two expressions are obviously not equal and, hence,

(1.144)

which was to be proved.
As to the sucking force, it should be derived only by integration of the specific 

suction force along the body. As a result, we receive

(1.145)

The complete thrust is the total of the expressions (1.128) and (1.145).
The mean active power of the thrusting forces may be presented as

(7 + P )V  = A -  (1.146)

The kinetic energy of the flow, running into the trace from the body tail, equals

(1.147)

(1.149)

In one of his papers Wu (1971) made an attempt to take into account the appearance 
of vortexes near the oscillating body within its limits from the widest span section to the 
caudal fin. Fig. 1.19 shows the scheme explaining the problem formulation as offered by 
Wu. The symbols Sb and Sw present the fish body and the vortex sheet respectively 
projected onto the plane z = 0. The other symbols are clear from the Figure. The total of 
the projections is nominated as

. dt dx dxL \  J  J x = x {

p = J ^ w i r t _ v ^ L
Jr dx  2 1
xi \  У

2 \ d t\  У x ~ x i

The complete power, spent on the initiation of the thrusting force, will be

[I + P  + E jy  = N - (1.148)

Then the hydrodynamic efficiency will look as

A
27 = = .

N
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S = S b+Sw. (1.150)

In its general form, the motion of fish can be written as

z=h(x,t). (1.151)

The velocity in the particles of liquid, due to the constant velocity U of the body’s 
movement in the flow, can be characterised by the potential of perturbation

<{ = (U + u,v,w)=gra.<S.(jJx+(l)\ (1.152)

which satisfies the equation of Laplace

V >  = 0 . (1.153)

The linearized equation of motion offered by Euler looks as

Dq = V O , Ф = ( P " - p ) / p ,  (1.154)

where

n  ^ tt&
D = J , + U T .  <1Л 55>

is the linearized differential operator, Ф is Prandtl’s potential of accelerations, is the 
pressure near the body, pm is the pressure at infinity, p  is the density of the liquid. With 
that, Ф also satisfies Laplace equation

77 (t,x)

Fig. 1.19. The co-ordinate system in the body frame of reference. (Adopted from Logvinovitch, 1970).
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V 2O  = 0- (1.156)

The boundary conditions in this problem equal

ф* = D h = v (x , t )  or Ф* = Dv(x,yeSb)', (1.157)

D 0 ± =  0 or Ф1 = 0 ( x , y e S wy  (1.158)

D<p± =  0 о г ф ± = 0  (on the tail edge); (1.159)

ф± =  0 or Ф1 = 0 (x,ye (1.160)

</>—> 0 о г ф - > 0  (x 2 + у +  - >  °°). (1.161)

Here a new symbol is introduced

ф*=д ф/ дгwhen £->±0.  (1.162)

It is believed that when the body is thin and satisfies the condition

8 = bJlT «  1 (lT = ln + l), (1.163)

where b0 is the body width in the plane x = 0, it is possible to employ the two-dimensional 
equation of Laplace

Фуу+Ф^= o= 0  or Ф уу+ Ф ^ = 0 .  (1.164)

Two equations (1.154) suggest the existence of two functions: у/ and Y  which satisfy 
the conditions of

Ф у = ¥ , ,  Фг = - ЧГ у , Ф у = ^ У  Ф г = - Х*'у (1165)

Transiting to complex variables, we can write

f  =  (j) +  i i//, F  =  Ф  +  Р¥, £1 =  d f  / d% = v - i w .  (1.166)

Fig. 1.20 a, b presents the boundary conditions of the problem. Without going into the 
details of the solution, we shall write only its result. The pressure difference on the two 
sides of the oscillating body looks as
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Д p =  p~ -  p + = р (Ф + - Ф ” ) = ( x , y e S b),

where

Ф + = -D { v (x , t ) [ b 2( x ) - y 2]i/2}(-ln < x <  0; l < x < / ) ;

Ф + = - [D v (x , t ) ] [ b 2( x ) - y 2]'12 ( 0 < x < 1).

The spontaneous force in the z-direction per unit of body length is

b b
J ( x , t ) =  j ( A p ) d y  = - 2 p D  j v ( x , t ) ( b 2 -  y 2)U2 ] ?

-b -b

when (- ln < x  <0) и ( 1< x < /),

and

(1.167)

(1.168) 

(1.169)

(1.170)

о

A x , t )  = ~ 2 p ( D v ) j ( b 2 - y 2)U2dy = -p [ D v ] A  (1.171)
-b

where pA(x) -  pnb2{x) is the virtual mass of one unit of body length for the motion in the 
z-direction.

Fig. 1.20. The co-ordinate system in the body frame of reference. (Redrawn from Wu, 1971).



38 Е. V. Romanenko. Fish and dolphin swimming

The complete force in the z-direction can be found by integration of (1.170) and 
(1.171) by the body length

/ 1
L ( t ) = - p  |  D[vA]dx + p U ^ v  —  dx. (1.172)

- i n  0 d x

The moment of forces in respect to the onset of the coordinates is

/ 1
M( t )  = p  |  xD[vA\dx -  p U  J  xv —  dx. (1.173)

о dx

The force of thrust is

T  = j j ( x , t ) ^ d x  + Ts. (1.174)

Here, Ts is the suction force on the body sections - / 0 and 1 < x  which looks as

_  Г f  ) l  2 d A ,

s = l t !  у 9 * The (L175)

Then the total thrust may be presented as

r f Y dh 1 2 dA~\
T  = - p  + — D(vA)—  v —  —

J. J. dx 2 dx  • dx
V l'i 1 J

r f  j J  A d h \  d  f  I 2 л \ \ г  f 1 dh \dA  
- ~ p \  D \ v A —  - v  A d x - p \ \

I  dx j  d x ( 2  J_ 0 ( 2  (1.176)

dL dh .̂ ( I  TTdhX\r ( I
-  p  — A v  —  dx  + pAv —v - U  —  — dx.

dt _{ dxb ( 2  dx ) \ x{ ( 2  d x j d x

Taking into account that A (-1) = 0, and effecting time-averaging, we shall get
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T  = ^ p A ( l )
dh

- U
dh

k 9x j

1 r
0 p \

dh

dt
-u- dh

k 3x j

dA

dx

ы

dx.
(1.177)

The first member coincides with the expression obtained by Lighthill (1.109), and the 
second one is due to the take-off of vortex sheet on the body section 0 < x

The expression for the complete power, developed by the body against the transverse 
waves affecting it and the appearance of the vortex sheet, looks as

= p ]

dt

d — l - A v —
dt.

dh 1

d x - p U  [v —  —  dx =

=  p t / f r A v ^ _ i
fit J I At О

- I n
dt 2

dx+ p U Av
dh

dt
p u \

1 dh dA 
v  dx.

S x = l
dt dx

(1.178)

The time-averaged value looks as 

P = pUA(l) — v
dt

p u \
1 dh dA 

—  v —  dx. 
dt dxJ x=l 0

The kinetic energy entering the liquid per unit of time is

i
E = - ^ ( p h ) q d s  = -  j v ( x , t ) L ( x , t ) d x - U T s.

(1.179)

(1.180)

There is another way to calculate the kinetic energy - from the law of energy 
conservation

E  = P - T U , 

or by time averaging

(1.181)
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E = ± p U A U )v 2( l , t ) ~ p U \ v ^ d x .  ( U 8 2 )

In his paper (Wu, 1971) Wu considers some other very important problems. In particular, 
that on the impact of the thickness of the fish-shaped body rendered on the hydrodynamic 
forces induced by this body. The body thickness is presented by the function

z = ±g(j;X > . (1.183)

As a result, one can see the expression for the force per unit of body length to be 
conserved as (1.160) and (1.161), while the body thickness has a bearing on the pattern 
of the dependence between the mass and the coordinate. In this case, the expression for 
the virtual mass in the complex plane looks as

p A ( x )  =  p|  [p2 -  £ 2 )'/2 -  z( £ ) Щ  d £ , (1.184)
-B  ^

- £ ( * ) <  Re £</3(x)  (1.185)

and

Р(х) = £[Ь(х)\ (1.186)

Here Re means the real part.
Another problem touched upon in paper (Wu, 1971) deals with the optimal pattern of 

motion in the fish-shaped body. The criterion of optimization is the minimum of power 
spent at fixed thrust. It came out that in this case the optimal pattern of the body’s motion 
is when the amplitude of displacement in the body’s points remains constant within its 
length and the relation between the phase velocity of the locomotor wave and the motion 
velocity of the body is necessarily slightly more than a unit.

Another problem discussed in paper (Wu, 1971) is about the impact rendered by the 
body asymmetry upon the hydrodynamic forces. If the body shape is such that

y = — b {(x) and y = b 2(x), (1.187)

and with that b{ ^ b 2 , then the expression for the force (1.162) still remains but that for 
the virtual mass changes, now looking as
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(1.188)

1.2.2. Theory of swimming for fishes with large amplitudes of body
oscillations

As it was mentioned, the above theories, apply to describe the swimming of bodies 
whose shifted amplitude is transversely low. This condition is not always valid in actual 
swimming of fishes and dolphins. Lighthill (1971) tried to spread the above theory for 
the case of swimming of thin bodies with an arbitrary oscillation amplitude.

He considered a fish swimming at a fixed horizontal level within the plane xOz at y=0, 
where у is the vertical coordinate in the rectangular system of coordinates x; y; z. The 
mean direction of fish swimming is taken in the positive direction of the axis Ox. To 
describe the fish movement with an arbitrary amplitude, Lighthill accepted the «Lagrangian» 
coordinate a which varies from 0 to I (where I is the length of the non-oscillating fish). 
Here, the count a begins from the tail edge where a -  0. Coordinate a is counted along the 
median line of the fish coinciding with its spinal column. Lighthill regards the coordinate 
of any point of the fish body (x,z) as the function x (a,t) and z{a,t) from a and t, inasmuch 
as this points moves owing to the longing oscillations, the resulting movement of the fish 
forward and to any lateral movement with the fish may involuntary make (yawing). The 
task is illustrated by Fig. 1.21. The median line of the fish is trough not to stretch, while

(1.189)

Fig. 1.21. The spinal colum n’s configuration at two successive instants t { and t2 atid motion of the tip of the 
caudal fin. (Redrawn from Lighthill, 1960).

Y  2

р А { х )  =  р п  -  (bt + b2) .

7 Ŷ+f*Y=i
[ d a ]  dJ
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дхЭН
The vector of horizontal velocity may be presented as a component

dx dx dz dz <u90)
tangentially directed to the median line of the fish in direction of positive x  and component 

dz dx dx dz
W ^ Y a ~ l k l k , '  < U 9 1 )

The impulse per one unit of the fish body length when the fish moves in the in­
direction is a vector

f  dz д х л
" T  T a - T a )  <L 192>

where the value in parentheses is a single vector in the w-direction expressed as and
z-components. The impulse projection upon the axis x in this case looks like

dz
~ mW ~da' (1.193)

and upon the axis z respectively looks like 

dx
mW- .  ( U 9 4 )

The virtual mass of water, as before, is found by expression 

1 2m = - n p s  , (1.195)

where 5 is the size of the cross section of the fish body in the direction 
In this case, Lighthill writes down the law of impulse conservation as

d  r (  d z d x \*rV*'*r= <1Л96)
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Г f  dz  д х )  1 2f d x  Э Н ]  / ч
= - u m w  -  —  + - m w

У да d a )  2 у da da ) ) a=0

The last member in the right part presents the reactive force (i. e. the force of reaction) 
with which the liquid affects the body. It involves two components - P - the trust and Q 
- the lateral force. The expression in brackets in the right part always seems simplification 
due to which formula (1.196) changes into

(тз n \Г fЭх )  1 2f  dx d z )( P, Q)  = mw  — ,-— mw — ,—  -
V '  Kdt dt 2 da daL V J  \  y - i a = 0

d \  f  dz d x )  (1.197)
 m w  , —  da.

dt  * ^ da da

Expression (1.197) is the force in vector form affecting the body from the side of the 
liquid mean the body moves at a large amplitude. It is feasible to present this force as its 
separate components, i.e. the thrust

n Г dz 1 2 dx 1 d  \  dz ,
P — m w -------- m w  —  + — \ m w — da  (1198)

dt 2 da Ja_o d t J0 da

and the lateral force

^  Г dx 1 2 dz 1 d  r dx 7
- Q =  m w ~ ~ + ~ m w  —  + - — \ m w — da. ( 1199)

dt 2 da j a=0 d t J0 da

In case of intermittent swimming motions, the time - averaged values of P and Q 
looks as

rp-i |T Эг 1 2 Эх11{P}= s mw  mw  (1 200)
LL. -*J a - 0

and
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Formulas (1.187) and (1.188) generalise the results of the small amplitude theory 
developed earlier for the case of the fish body oscillations with an arbitrary amplitude. 
It is easy prove by using

dx dz dz

l k  = [; T a j i k '  (L202)

With that, there will be respective small - amplitude values of the thrust and the 
lateral force.

It is interesting to see how much the calculation thrust according to (1.200) differs 
from there respective calculation according to the small - amplitude formula (1.109). It 
can be best seen by the example of thrust calculations for Leuciscus which Lighthill 
personally performed (1971). We shall only supplement his calculations by that on the 
small - amplitude formula (1.109). The necessary kinematic parameters of fish swimming 
were taken by Lighthill from Bainbridge (1963). The calculations include ten time 
moments varying from one another by 0.04 sec. The results of the calculation showed 
by Lighthill are presented in Table 1.1.

The meanings of the columns in the Table became clear from Fig. 1.21 and from 
relations (1.190)

dz , 4 dx
w  =  V  sm a, W  = — = F sin(a + 0), —  = cos0. (1.203)

dt da

In this calculations Lighthill employed formula (1.187). We shall supplement Table 
1.1 with Table 1.2 calculated by the formula

/ p i - 1 T/2f * Y T
W = 2 m Ы “ У Ы  ■ (1.204)

I LV /  V У J J  x=0

showing the thrust of the same fish obtained from Lighthill’s small - amplitude theory 
(1971). Table 1.2 will have only those columns (except that of time) which will differ 
from the respective dues in Table 1.1. In accordance with the small - amplitude theory 
we shall think that

dx dz dz dz , '
—  = 1, —  =  —  =  e ,  w  =  Fa,fV =  —  =  F ( a  +  e ) .  (1.205)
da da dx dt

The mean value of thrust throughout the entire time interval is the mean value of 
members in the last column of Table 1.1. It equals 0.21 N. The means value of thrust 
according to the small - amplitude theory (the mean value of numbers in the last column
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t, s
V,

ms1
OWQ,
deg

a
deg

w,
ms'1

w,
ms'1

dx

da
s, m

m,
kgm1

mwW,
N

1 ? ck
— mw  — , N
2  da

1 2dx
mw W—— mw  — , N

2  da

0.04 0.50 17 3 0.15 0.03 0.97 0.094 6.9 0.03 0.00 0.03
0.08 0.60 45 3 0.42 0.03 0.74 0.087 5.9 0.07 0.00 0.07
0.12 0.74 60 5 0.64 0.06 0.57 0.079 4.9 0.19 0.01 0.18
0.16 0.68 48 16 0.50 0.19 0.85 0.083 5.4 0.51 0.08 0.43
0.20 0.52 13 10 0.12 0.09 1.00 0.087 5.9 0.06 0.02 0.04
0.24 0.62 -36 -8 -0.36 -0.09 0.88 0.088 6.1 0.20 0.02 0.18
0.28 0.87 -60 -16 -0.75 -0.24 0.72 0.083 5.4 0.97 0.11 0.86
0.32 0.67 -46 -10 -0.48 -0.12 0.81 0.084 5.5 0.32 0.0.3 0.29
0.36 0.52 -25 -6 -0.22 -0.05 0.95 0.092 6.6 0.07 0.01 0.06
0.40 0.48 -3 0 -0.02 0.00 1.00 0.093 6.8 0.00 0.00 0.00

Table 1.1. Measured values of swimming parameters for Leuciscus observed by Bainbridge, 1963, and 
estimated the mean thrust as given on the theory by equation 1.200. For explanations of variables, 
see text. Based on data by Lighthill, 1975. (Note: IN = lkgm s'2 = 105 dyne.).

of Table 1.2) equals 0.25 N. The small - amplitude theory is seen to give somewhat 
higher values of thrust (by 19%). Quite likely, in most calculations this difference may 
be neglected and we may use the formulas based upon the similar small - amplitude 
theory.

Based on the obtained calculation of thrust (the lost column of Table 1.1), Lighthill 
assessed the mean value of the coefficient of fish resistance. It proved to approximate
0.04, whole is by hour times larger than the expected value for the laminary streamlining 
with the Reynolds number of above 105 corresponding to the length of the fish and its 
swimming velocity. Such divergence remains a puzzle. Lighthill considered the possible 
calculation errors but could not explain the divergence.

However, as Lighthill said, in their personal talk Dr. Bone suggested an idea explaining 
the obtained divergence. He attributes the greatest importance to the non-steady-state 
pattern of the fish’s swimming movements, regarding it as the reason for a higher

t, s Ж
ms'1

w,
ms'1

mwW,
N

1 NT— m W , N
2

mwW-

1 / Ы— mw, N
2

t, s W,
ms'1

w,
ms'1

mwW,
N

1 9 1ЧГ— mw, N
2

mwW-

— mw2, N 
2

0.04 0.15 0.03 0.03 0 .0 0 0.03 0.24 -0.39 -0.09 0.21 0.02 0.19
0.08 0.47 0.03 0.08 0 .0 0 0.08 0.28 -0.91 -0.24 1.18 0.16 1.02
0.12 0.78 0.07 0.27 0.01 0.26 0.32 -0.54 -0.12 0.36 0.04 0.32
0.16 0.57 0.19 0.58 0.10 0.48 0.36 -0.23 -0.05 0.08 0.01 0.07
0.20 0.12 0.09 0.06 0.02 0.04 0.40 -0.02 0.00 0.00 0.00 0.00

Table 1.2. Estimated the mean thrust as given on the theory by equation 1.109. For explanations of variables, 
see text.
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resistance coefficient, according to Dr. Bone, the lateral movements of the fish body 
may adversely affect the growth of the boundary layer thickness. As it will be shown 
below, his suggestion is not far from the truth. Indeed, when the oscillation amplitude 
increases from head to tail, the oscillation body acquires an essential pressure gradient 
affecting the thickness and structure of the boundary layer.

The above studies disregard the values of the dorsal and ventral fins on the fish body 
as farming the flow streamlining the fish body. In (Newman, Wu, 1973, 1975) the theory 
of the thin body is applied to the analysis of propulsive parameters of the fish-like body 
which may carry fins of different configuration. Under configuration there was also the 
interrelation between the body thickness, the fin span and the vortex sheet causing off 
the fin edge.

1.3. Theory of swimming for animals with the semilunar caudal fin

According to Lighthill, the theory of thin body is not applicable to describe the 
mechanism by which animals with the semilunar caudal fin create the thrust, because in 
such case its main hypotheses is violated. This hypotheses claims that the environment 
is affected by the body through the mechanisms distributed along the very body. In such 
case, the function of the propeller is practically completely benefited by the caudal fin. 
As seen from the analysis of the latter, form and profile, the caudal fin can be examined 
by the method of the wing theory in an unsettled flow. The analysis of the problem may 
involve either of the following methods introduced below (Chopra, 1976).

1. To apply hydrodynamic equations and potential theory.
2. To construct a decision by using the distribution of vortexes or sources.

1.3.1. Two-dimensional theory of the lunate tail

Lighthill (1970) was the first to consider the two-dimensional theory of the lunate tail 
by using the first of the above mentioned methods. He based his analysis on the concept 
of the potential of accelerations, introduced by Prandtl. Previously this method was 
successfully employed in the work (Possio, 1940) to analyse the movement of profiles in 
some compressed medium, as well as in (Wu, 1961) to consider the efficiency of swimming 
movements of a flexible thin plate. The later paper may perfectly illustrate the efficiency 
of the two-dimensional theory.

The physical mechanism of work in the semilunar fin, according to Lihgthill (1969), 
can be illustrated by Fig. 1.22 from (Karman, Burgers, 1934). The Figure shows a 
horizontal layer of water excited by the oscillating fish tail. At the moments when the 
caudal fin takes extreme positions, vortexes are formed, something like a reactive jet is 
formed between the rows of vortexes. Regarding this simplified picture, one can say
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Fig. 1.22. Illustrating vortices cast off by the caudal-fin trailing edge as the fish moves to the left, and also 
the jet-like streamline pattern induced by those vortices. (Redrawn from Lighthill, 1969, after Karman & 
Burgers, 1934).

that the caudal fin actuates the fish by the principle of the reactive jet, while the high 
efficiency is provided thanks to the large square of the cross section in the jet.

In his two-dimensional theory, Lighthill considers the caudal one unit of the wing of 
infinite length (in the direction of the span) with the chord с = 2a in the direction from 
-a to +a. The displacement law was found by Lighthill as

z  =  \ h - i a ( x - b ) ] 2l(Dt, (1.206)

where h and a are real numbers signifying the amplitude of the heaving and pitching 
motion respectively, and x - b  is the axis of pitch. A 90° phase difference between the 
heaving and pitching motions is assumed, CO is radian frequency, t is the time.

The mean thrust per unit span is

— 2 (  1 Y
p P  =  p m U ~ 2\A\ +  n A a l m A — m 2co2a 2b . (1.207)

2 J-
The mean rate of working per unit span equals

/  ^ \
p E  =  -~- Re c o { 2 m A  +  7ra2B \ - o c b - i h ) +  . ( 1 . 2 0 8 )

2 x  A  v 8 j  j

The hydromechanic efficiency is not difficult to express through (1.207) and (1.208): 

o M  b ~ a  +{oh-Uaf^F-F2- ( f )

v=1~ (  (  l T  Г n  F T ;  J  (  1 V i v
co(Jfb— a c x b ^ - a f - h G — on +{oh-Ua\ hF+d b+-a G со

v v 2 J - l 2 /  2 J L v 2 J ])
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The above expressions involve the following symbols

( [ (  i )  1 i Л
A ——JJ (occ b —  a + i(uoc ~ coh) + — cootci , ( 1210)

(L  V J J 2 J

В -  2 U c o a -c o 2(h + iab), (1.211)

C = ico2a.  (1.212)

where U is the undisturbed fluid flow, F+iG is Theodorsen’s function, Re and Im are the 
actual and the imaginary parts respectively.

Fig. 1.23 presents the numerical estimates of the thrust coefficient specified by the 
expression

(1.213)

Fig. 1.23. Thrust coefficient and efficiency predicted by two-dimensional aerofoil theory, for values 0, 
0.2, 0.4, 0.6 and 0.8 of a feathering parameter. (Redrawn from Lighthill, 1969).

C
7 032h 2a

and the efficiency, depending on the parameter
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e = —  (1.214)
сoh

and the reduced frequency

2 COa
2a = —  (1.215)

for some positions of the pitch-axis \ b -  0, (l/2)a, a and (3/2)a. The dotted line shows 
the contribution of the leading-edge suction of the wing for в = 0.6; the dot - and dash 
line shows the same for в  =0.8.

When analysed, the curves in Fig. 1.23 permit the some conclusions'. One can clearly 
see the tendencies of the opposite trends: an increase in the efficiency and a decrease in 
the thrust coefficient when в  grows. At large values of в  the thrust coefficient grows 
when the pitch-axis shifts downstream (with an increase in b). With that, the contribution 
of the leading-edge suction in the total thrust is considerably growing, especially at 
light values of reduced frequency.

The above estimates are overstated because under consideration is only the energy 
of vorticity perpendicular to the motion (the consequence of a two-dimensional theory). 
At the same time, there is another vorticity parallel to the motion which can be considered 
only by the three-dimensional theory.

Lighthill regards the semilunar shape of the caudal fin to be evolutionary culmination 
of the motive complex. He marks that animals belonging to absolutely different 
evolutionary lines (for example, fishes and the cetaceans) acme up (biologically) to the 
semilunar tail as a means of fast movement in water. Moreover, the cross section of the 
semilunar tail in fishes and the cetaceans acquired the shape similar to the cross section 
of the aerodynamic wing. Of special importance is the monthly rounded leading edge, 
because the largest contribution of the thrust developed by the wing is due to its interaction 
with water near this leading edge.

Lighthill associates the benefits of the semilunar shape with the fact that under 
conventional oscillation frequencies, common for fast swimming, the tail of such shape 
can generate vortex rings approximating the circular shape (Fig. 1.22). Such rings carry 
a relatively high impulse at low energy.

1.3.2. Further progress of the semilunar fin theory

Lighthill’s ideas were further advanced in some papers (Wu, 1971; Chopra, 1974, 
1975,1976; Chopra, Kambe, 1977). A two-dimensional task about the optimal shape of 
movement in the thin wing was also considered by Wu (1971) who stated the task in the 
way similar to Lighthill’s one.
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The respective difference of phases between the pitching and the heaving movement 
of the wing, depending on the reduced frequency, is demonstrated in Fig. 1.24 for various

values of the load coefficient C t0 • The lower dotted chain curve OLp (pc, C t0 ) shows

the lower boundary corresponding to the smallest value of the reduced frequency. The 
solution acquires sense beginning with this smallest value.

Fig. 1.25 displays possible correlations between the coefficient of the suction ( C s )

and of the thrust ( CT ) as dependent on the reduced frequency.
The regard as the minimum value of this correlation to be the optimal one. Inhere, 

the coefficient of the suction is specified by expression

(1.230)

where j  s is the time-averaged value of the suction.
Fig. 1.26 shows the dependence between the position of the pitch-axis of the wing 

and the reduced frequency. Fig. 1.27 demonstrates the respective dependence of the 
value (1-0). The region of optimal parameters in Fig. 1.26 and 1.27 corresponds to the 
position of the dotted chain line.

On the whole, Wu’s results well agree with those of Lighthill.

Fig. 1.24. The phase advance angle CCp (<7, C tq ) of the pitching mode. (Redrawn from Wu, 1971).

с  = г *W  1 ’
- п р и 2 a 
4
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CJCt

Fig. 1.25. The ratio of the thrust coefficient due to leading-edge suction to the total thrust coefficient. 
(Redrawn from Wu, 1971).

(b/l)-1/2 1 - в

Fig. 1.26. The optimum location of pitching axis 
when the heaving is taken to lead the pitching by 
90° in phase. (Redrawn from Wu, 1971).

Fig. 1.27. Variation of the feathering parameter 
with the reduced frequency. (Redrawn from Wu, 
1971).

Papers (Chopra, 1974, 1975) consider the movement of the wing with a finite aspect 
ratio (the three-dimensional theory). With that, the author limited his consideration to 
the case of the rectangular wing. However, the approach to the task in (Chopra, 1974) is 
absolutely different from that of Lighthill. This approach corresponds to the second 
method mentioned at the beginning of the section. The author accepted the concept 
advanced in (Karman, Burgers, 1934) which, in its turn, further develops those of Prandtl 
and Betz on the infinite line of action in the lifting force with the vortex intensity varying 
according to the wing span. Later on, Carman advanced this concept for the wing of 
finite span in the stationary case.
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The analyses in (Chopra, 1974) is based on the assumption about the action line of the 
lifting force. It is assumed that the local flow around each cross section of the profile 
remains two-dimensional, while the local angle of attack is affected by the entire spectrum 
of vorticity, dependent on the time, within the lee jet, both towards the flow and across 
it along the plate span.

As a result, paper (Chopra, 1974) shows the efficiency of the rectangular wing, 
likewise in the two-dimensional case of Lighthill, to be the largest when the pitch-axis 
is close to the trailing edge. Under study was also the dependence between of the 
efficiency and thrust and the wing aspect ratio equalling 4; 6 and 8 of the reduced 
frequency, the parameter в  and the position of the pitch-axis (b -  0; c/2 and 3c 12). The 
thrust and efficiency are shown not to depend much upon the wing aspect ratio. The 
pattern of dependence on 0  and a  is practically the same as in two-dimensional theory 
of Lighthill.

In (Chopra, 1976) the same author expanded his theory in the case of the thin wing 
with an infinite span of large amplitude. The analysis is simplified owing to the suggested 
small angles of attack. He shows that when combined, reduced frequencies of about 0.8 
with the amplitude doubling the chord length, prove to the best.

In (Chopra, Kambe, 1977) the three-dimensional theory of the previous author is 
developed further, including the care of small-amplitude oscillations of wings with finite 
elongation and of various forms in the plan (Fig. 1. 28). For their numerical calculations 
these scientists adapted a special program of the Royal Aviation Institute. Fig. 1.29 
presents the results of the calculation for the thrust coefficient and the efficiency of the 
rectangular wing with aspect ratio equalling 8 the solid lines, as well as the comparison 
with the rated data of (Chopra, 1974) (the crosses) and also with the calculation based 
on Lighthill two-dimensional theory (1970) (the dotted line). One can see that Lighthill’s 
two-dimensional theory and, hence, Wu’s theory (1971) do provide higher values of the 
thrust and efficiency as compared with the three-dimensional theory, which was 
mentioned above. This is particularly evident in the region of low values of the reduced 
frequency.

Fig. 1.28. Wing planforms for which detailed calculations have been made. (Redrawn from Chopra, Kambe, 1977).
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C T / v i 2

Fig. 1.29. Comparision of the values of 7/ and CT / V» given by the theory Chopra, Kambe, 1977 (solid 

lines), Chopra, 1974 (crosses) and Lighthill, 1970 (broken lines). (Redrawn from Chopra, Kambe, 1977).

The authors of (Chopra, Kambe, 1977) wanted to compare their theoretical calculations 
with experimental observations of animals.

They tried to consider the fact that generally speaking the oscillating amplitudes of 
caudal fins in fishes and dolphins can be regarded as small ones.

In any case, these authors correlated their calculations with Chopra (1976) which
deals with oscillations of the rectangular wing of infinite span and arbitrary amplitude.
According to the expression for the parameter

0 = — , (1.231)
coh

valid at small angles a  was accepted as

e  = UifgCc) (1.232)
COh

regarding the fact that at essential a

t g a * a .  , (1.233)
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Fig. 1.30 shows the changes of two most important values 77 and C j  of the rectangular 
wing when the amplitude of oscillations is growing. Value

(1.234)

serves as the parameter, where c* is the complete chord of the wing. One can see that

with an increase in £, the efficiency obviously goes down and the thrust coefficient 
goes up.

The authors (Logvinovitch, 1972; Kozlov, 1979, 1983) also tried to apply the theory of 
the wing with large elongation to calculations of the thrust for fishes with the semilunar 
caudal fin and for dolphins. Very briefly, the calculations are as a follows. The instant 
thrust coefficient of the rigid wing, approximating the caudal fin, is found by

(1.235)

Here cL is the coefficient of the lifting force expressed by

Г/ Cr

Fig. 1.30. Effect of finite amplitude on (a)r) and (b)C*. 0= 0.6. (Redrawn from Chopra, Kambe, 1977).
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I n X a
cl =  т=2 -> (1.236)

л/ A + 4 + 2

cDi is the coefficient of the inductive resistance expressed by

cd, =  C l ^  +  8 \  (1.237)
71A

a  is the attack angle of the wing (the caudal fin) expressed by

v I f  d p  , ,  d p  \
a  = - T7 = _ 7T - 4 7 ~ v ^ -  > (1.238)V  1Д  dt dx J v

A is the aspect ratio of the wing

A = (2| I ,  (1.239)

where S is the wing area, (1 +5) is the cofactor regarding the deviation in the geometric 
form of the caudal fin from the optimal form in terms of the smallest inductive losses. 
Value 8 with aspect ratio A = 1 -s- 4 does not exceed 2-3% and in its first approximation
it can be neglected. 2R is the wing span, v is the normal component of velocity in the
trailing edge point of the wing, V is the animal velocity, rj (x, t) is the deviation of the 
median line from the coordinate axis: (p is the turning angle of the wing in relation to the 
direction of the instant velocity of the median line. The calculations accept cp = 0 because 
there are no experimental data on the value of this angle. Substituting (1.219) and (1.220) 
in (1.218), we shall get

2nX v n f  dr] I  ̂ 4яЯ ( v n VСл=Ж7 7 3  рЛДи J <L240)
or, by averaging the expression (1.240) for the period of oscillation, we shall get

-  _  2яА ( v„ j d p  1 4яА f  У

с ‘ “ л ч 4 + 2 Ш * т г  Щ Т Щ У J '  ( 1 - 2 4 1 )

The expression for the average meaning of the thrust looks as
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-  -  pV 2

A = c a !—̂ - S ,  (1.242)

or, regarding

(2 R)2 2
S = ,m = p nR  , (1.243)

Я

it can be presented in a different way:

2 m*xV 2
• d - 244)JC=Xj

Here, x } is the coordinate of the trailing edge.
This form of the expression for the thrust was obtained by L. F. Kozlov. The above 

conclusion was also taken from L. F. Kozlov (1979).
The most comprehensive account of the tail fin kinematical parameters was given in 

the work by Zaytsev, Fedotov (1986). Unfortunately, the calculation was performed for 
the outdated assumptions on the dolphin fluke kinematics. They supposed that the angle 
of attack varied harmonically, the amplitude of this variation was overvalued ( 10°), and 
the fluke was considered rigid. Besides, the numerical methods used to solve the fluke 
movement equation were very sophisticated, which made it difficult to use the obtained 
results.

The authors of (Wu, 1971; Chopra, Kambe, 1977) tried to compare the results of 
theoretical calculations with literature data on experimental observations over parameters 
of fish and dolphin’s swimming. They used data of works (Lang, Daybell, 1963; Fierstine, 
Walters, 1968; Masuda, Araga, Yoshino, 1975) only despite the fact that at the time 
were known other works (Bainbridge, 1963; Magnuson, Prescott, 1966; Pyatetsky, 
1970а,Ь, 1975; Pyatetsky, Kayan, 1971,1972(2,/?; 1976; Kayan, 1974; Kayan, Pyatetsky, 
1977) involving the data of fish and dolphin kinematics.

Table 1.3 shows experimental data on the kinematics and hydrodynamics of the 
dolphin Lagenorhyncus obliquidens, taken from (Lang, Daybell, 1963), and data on the 
swimming of Wavyback skipjack from (Fierstine, Walters, 1968). With that, the data on 
the body length of the fish, the size of its caudal fin chord and the relation SJ/SB of the 
projected planform area of tail to the total body surface area are not presented in (Fierstine, 
Walters, 1968). Therefore the data on the body length and the tail chord were taken

1.3.3. Comparison with the experiment
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L, cm U, cm s'1
R e  = —

V

О

s 
^

IIО
> m о II

5
___7_

5
В

Lagenorhynchus
obliquidens

200 510 9.3.106 0.71 1.3 0.03

Wavyback
skipjack

100 310-820 (2.8-7.5).106 0.7-1.05 1.4-2.5 0.02

Table 1.3. Kinematic and hydrodynamic parameters for dolphin Lagenorhinchus obliquidens (Lang, Daybell, 
1963) and fish Wavyback skipjack (Fierstine, Walters, 1968). (Adopted from Chopra and Kambe, 
1977). For explanations of variables, see text.

B1 (bo = 0.8; 0 = 0.8)

CT Q)

Lagenorhyncus obliquides 0.17 0.29 0.01
Wavyback skipjack 0.17-0.31 0.6-1.2 0.01-0.03

B2 (b0 = 1.0; 0 = 0.8)

CT CD

Lagenorhyncus obliquides 0.19 0.32 0.01
Wavyback skipjack 0.19-0.38 0.74-1.48 0.15-0.03

Table 1.4. Hydrodynamic forces calculated from Table 1.3. (Adopted from Chopra and Kambe, 1977).

from (Masuda, Araga, Yoshino, 1975) and the relation S1ISB was estimated by the 
photographs in that paper. Besides, the available datas are badly scattered, which itself 
gives room for certain doubts.

The authors of (Chopra, Kambe, 1977) used the data from Table 1.3 to calculate the 
hydrodynamic forces (the coefficients of thrust and resistance). The results of their 
calculations are shown in Table 1.4 for the form of caudal fins approximated by the 
theoretical wings В 1 and B2 (see Fig. 1.28) when the parameter в -  0.8, and the positions 
pitch-axis of the wing bQ = 0.8 and bQ= 1.0 (the pitch-axis of the wing is situated from 
the leading edge at the distance equalling of 0.8 and 1.0 of the chord length respectively).

When analysed, the data of Table 1.4 primarily demonstrates that the calculated 
values of the drag coefficient in the dolphin are essentially smaller than in the fish, but
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at the same time they are three times as higher than in the respective rotation body 
during turbulent streamlining.

The authors of (Chopra, Kambe, 1977) analyse possible reasons behind such higher 
drag coefficient. They made calculations for the wing with the aspect ratio 8, while the 
aspect ratio in the dolphin was 5.4. The account of this fact could decrease the drag 
coefficient by 6%. A more accurate estimation of leading suction could also decrease 
this value by 10%. Besides, the calculations accepted 0 = 0.8. The authors accept that 
this value in fish and dolphin can actually be higher. Indeed, in the work of Yates, 1983 
there is an assumption that the dolphin, whose kinematical data are adduced in the work 
of Lang and Daybell 1963 and referred in the works of Wu 1971b, Chopra and Kambe 
1977, has the angle of slope of the fluke to horizontal plane is a -  0.66. Under this value 
of the angle of slope of the fluke parameter в = 0 .9.

If this value were raised up to 0.9, the drag coefficient could drop by two times. In 
this way, the estimates made by the authors of (Chopra, Kambe, 1977) are rather 
approximate. Nevertheless, the authors conclude that the streamlining of dolphins 
resembles that of a smooth surface with a respective laminar section. The streamlining 
of fishes is characterised by these authors as that of a rough surface.

Wu (1971) characterised more accurately the swimming of dolphins according to 
(Lang, Daybell, 1963). In his paper he gives a fragment of the kinematic picture of the 
dolphin’s fluke as taken from (Lang, Daybell, 1963) and also makes the analysis of the 
fragment (Fig. 1.31).

Table 1.5 shows the geometric parameters of the dolphin determined by Wu according 
to (Lang, Daybell, 1963), as well as some additional kinematic characteristics. In the 
table we used the following denotations: L is the dolphin’s body length, S - total body 
surface area, ST projected planform area of the fluke, R - the span, Iq is the central chord, 
Я is the aspect ratio, h is the amplitude of the fluke oscillations.

Wu based his estimates on the suggestion that at a constant swimming velocity of the 
dolphin the thrust is balanced by the total drag. With that, the total drag (and hence, that 
of thrust) is estimated in view of the fact that the dolphin is streamlined by the flow as 
a rigid body having a 40% laminar section in the anterior part of the body. In this case, 
Wu regards the friction drag coefficient to equal cD =0.0027; the total drag being

1 2
D = cD — p U  S. (1.245)

The thrust coefficient of the fluke is found from

c T   — = 0 .11 .
-  n p U 2S T (1.246)
8 7
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Fig. 1.31. Tail movements of a porpoise in cruising. The angles with arrows are the incidence angles of the 
tail relative to the path of tail-base measured by Lang & Daybell (1963); the angles in parentheses are the 
theoretical prediction. (Redrawn from Wu, 1971).

L, m S, m2 S„ m2 R, m /0, m Я h, m U, ms'1

2.0 1.512 0.047 0.51 0.188 5.4 0.25 5.1

Table 1.5. Kinematic and hydrodynamic parameters of dolphin Lagenorhinchus obliquidens (Lang, Daybell, 
1963). (Adopted from Wu, 1971). For explanations of variables, see text.

( \  \
Then Wu calculates the relative amplitude of oscillations in the fluke ~^o

v
comprising the expression (1.218), for the low of movement accepted by Wu 

1 к h A , ..
~£o -  4.15, (1.247)

then ^0 = 8 .3 .
Here, the computation involves the value / which is the effective average semichord of 
the fluke equalling 0.06 m. The thing is that Wu’s theory is developed for the wing with 
infinite span and a constant chord. Wu believes that his value of the average semichord



62 Е. V. Romanenko. Fish and dolphin swimming

better agrees with his two-dimensional theory. This assumption seems to be most arbitrary 
one is Wu’s estimations. Wu specifies the reduced frequency by

col 2nl ^
CT=( 7 = 1 7  <L248>

and uses his value of the average semichord I and the value length Ao of the trajectory 
made by the fluke (according to Fig. 1.31) which he estimates to equal 1.65 m. Then he 
calculates the load coefficient of the fluke as

С Ъ = ~ у г  = \ . в Л 0 ' \  (1.249)
So

By using the obtained values of a  and C t0 and by suggesting that the movement of

the fluke is optimal, Wu employs Figs. 1.24 and 1.27 and the calculated relations (1.221) 
-(1.232) to determine the values of r] = 0.99; Zp = 0.104; ap = 263°; 0=  0.92; andx/2/  = 
0.793. Here, xJ2l is the relative position of the pitch-axes of the fluke. The other symbols 
are given in that part of the previous paragraph where Wu’s theory is described.

Wu also theoretically assessed the values of the angle between the fluke and the 
direction of the trajectory of its movement which are shown in Fig. 1.31 in brackets. 
The results of the estimates well agree with the measured values (the numbers without 
brackets). However we ought to consider this accordance accidental. In chapter 6 it was 
shown that the conception of the fluke as some flat plate leads to the angles of attack, 
which are a few times overvalued.

When analysed, the results of the estimates demonstrate that the phase shift ap between 
the heaving and pitching movements of the fluke, as well as the position of the pitch- 
axis, are actually close it the optimal ones. The value of 0 , and especially that of 77, 
seem to be overestimated. It is not surprising for the two-dimensional theory, witch was 
already mentioned before and is particularly obviously illustrated in Fig. 1.29.

In addition to the foreign experimental data discussed above, some experimental 
papers have been recently published in our own literature (Pyatetsky, Kay an, 1975; 
Kayan, 1979; Romanenko, 1980,1986). These papers contain data necessary to compare 
experiments and the theory. The most important parameters of dolphin’s swimming 
cited above

col _ Utga
o- = —  and 0  = — ( 1. 250)  

U coh
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embrace the relations between the values co/U and U/h which have been well examined 
by now. Here, h is the amplitude of the tail oscillations. A well-checked dependence 
(Kozlov, 1983) was obtained for the relations between w and U, in particular for Tursiops 
truncatus

( и  Л
(0 = 2 п  1.05— + 0.25 . (1.251)

LJ
As to the U/h relation, we may unite the data from (Kozlov, 1975; Fish, 1983). The 

value a  for the same species is vital for the calculations. It shows the amplitude of the 
inclination angle between the fluke and the movement axis. As well as the value of the 
central chord lo and that of the animal’s body length, it is given in (Kayan, 1979) for the 
velocity U = 2.3 m s 1. All of them are brought together in Table 1.6.

By using the formulas (1.250-1.251), the data from Table 1.6 and relations h = 0.1L 
(Fish, 1993), we shall obtain the following estimates for the relation between the 
oscillation amplitude and the central chord £, the reduced frequency cr, parameter в  and 
efficiency p demonstrated in table 1.7. Here, cr is calculated by using the complete 
central chord. The values of p corresponding to there of a  is estimated by Fig. 1.30 
taken from (Chopra, Kambe, 1977). This figure shows the data for the rectangular wing 
of infinite span (A = ©o) and for the wing with the aspect ratio of 8 (A = 8) (the dotted 
line). The impact of the large amplitude of oscillations in this Figure is considered only 
for the wing of infinite span. If we suggest that the impact of the large amplitude will be 
similar for the wing of finite span with the aspect ratio A = 4 (the fluke of Tursiops 
truncatus), then the values of p will become still a little smaller.

Wu’s theory (1971) also permits estimating the position of the pitch-axis in the fluke 
of Tursiops truncatus. These datas are given in table 1.7. The estimate shows the pitch- 
axis to be situated at the distance of 0.83 of the chord from anterior edge of the fin.

The analysis of the obtained estimates demonstrates the values of the parameters в  
and the position of the pitch-axis of the fluke of Tursiops truncatus to be in good 
agreement with presumed theoretically the optimal values.

To conclude this section, we should like to emphasise that the theory developed in 
(Chopra, Kambe, 1977), if corrected for a larger amplitude of oscillations, seems to be 
best to completely consider the peculiarities of the semilunar caudal fin. However, this

U, m s'1 a, rad k, m L, m

2.3 0.52 0.24 2.4

Table 1.6. Parameters of dolphin Tursiops truncatus (Adopted from Kayan, 1979). For explanations of 
variables, see text.
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h
U, ms"1 e  -  —

h
CF 0, rad rj

2.3 1.0 0.82 0.7 0.79

Table 1.7. Parameters calculated from Table 1.6.

theory does not regard all and everything. For example, it disregards the impact of the 
thickness and flexibility of the fluke; the correction for a larger amplitude is made only 
for the wing of infinite span and only for the value of в = 0 .6.

1.3.4. Peculiarities of scombroid swimming

As we have cited before, according to Lighthill, the scombroid way of swimming is 
more progressive than the eel-like one. The scombroid swimming has a higher 
hydromechanic efficiency. This can be attributed to the fact that unlike in the eel-like 
swimming, the appearance of vortex screening on the edges of the dorsal and ventral 
fins is less probable in the scombroid swimming. In such swimming, the relative amplitude 
of lateral displacement of the fish’s own body is essentially lower than in eel-like 
swimming. Vortex screening on the fin edges is more possible in eel-like swimming. As 
a result, the cumulative impulse in the fish’s vortex wake does not happen to occur 
exactly in the phase with the lateral velocity of oscillations of the caudal fin. Therefore 
the thrust is less increasing (due to the additional impulse of the vortex screening of the 
dorsal and ventral fins) than the energy losses in the wake. However, the scombroid 
swimming has a certain defect, as compared with the eel-like one. In the former, the so- 
called «recoil», return i.e. the reaction of the fish’s body to the forces chiefly applied to 
the caudal part. This «recoil» is manifested as the anterior part of the fish body begins 
yawing during its active motion. This phenomenon of yawing is practically absent in 
the eel-like swimming when not only the caudal part but all sections of the fish’s body 
are involved in oscillations. Such «recoil» in scombroid swimming could necessitate 
additional loses of energy and, hence, decrease the efficiency. These additional losses 
could annihilate the above advantages of the scombroid swimming as compared with 
the eel-like one, but there are some morphological changes typical of scombroid fishes 
which annihilate the phenomenon of the «recoil». Lighthill (1977) discussed it in details 
and estimated it quantitatively. According to him, if the «recoil» is properly regarded, 
the law of the body deformation in scombroid fishes can be written as

f  l - ХЛ
h = fi(x)cos (jo t н +[Д +A^(/-x)]cosfi)f + [A2 +h4(l-x)]sincot. (1.252)

-  V C  J-
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The first term in the right-hand part of (1.252) is the law of deformation. It could be 
preconditioned by the muscular contractions proper if there were no «recoil». The second 
and the third members respectively reflect the displacements of the body elements due 
to the «recoil». Here, h {, hv h3 and hA are constant values, H(x) is the amplitude function 
preconditioned by muscular contractions, I is the body length of the fish, С is the velocity 
of the propulsive wave, x is the current co-ordinate of a body points within the system of 
co-ordinates associated with the fish body. If we turn to the expression for the total 
thrust developed by the fish, which was given before, and rewrite it as

-  Г ГГ dh) i 2T
m v" 3 7  ’ ( L253)

L L I  9 1J2 J . L

then the values compressing this expression, with regards of the deformation law (1.252), 
will look as

( JJ  ̂ f  dH ^
vn = | |  (О 1-----/ /( /)+  co/ij + С//г4 sincot + U —  + coh2-U h 3 cos cot (1.254)_ v cJ J L i * jx=i

and

—  = -a j\H { l)F h ^ sm c o t -\-coh2 cos cot. (1.255) 
dt

dh
It is easy to see that the values vn and can be correlated when h=h2=h3=h= 0, i. 

e. when there is no «recoil». Under such conditions, the thrust will be the maximum one.

( M )  = 0It is true, there is another condition to be fulfilled, i. e.  ̂ u . Lighthill offered
V ) x = l

this condition before as that to optimise the efficiency of eel-like swimming. In reality 
fishes may not fulfil this condition. In this case, the condition for optimisation may be

dh
realised by the best correlation between the values v and n  which can be written as

n dt
based upon (1.254) and (1.255) to yield 

( d H Л
U —  +coh2-Uh3 = 0  (1.256)

L dx ) ы
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and

h = 0. (1.257)

Hence, we may have

, ( d H \  n
^  = 3 7  94 °- (1-258)

V ° X  ) x = l

Lighthill (1977a) made a quantification to assess the position of the yawing axis and 
the yawing amplitude of the scombroid fish body as specified by the «recoil». He regarded 
not only the force F  applied to the caudal fin (Fig. 1.32) but also the force of resistance 
exercised by the fish body due to lateral yawing movements. Lighthill presents the velocity 
of lateral movements in different sections of the fish body in some general form

v „ = v „ A ,  (1.259)

where vn and v ;1 may be complex values. The resistance force against the lateral motion
of the fish can be sufficiently accurately written as kps(ynl)vn
where

к = 8/3 n =  0.85 (1.260)

and

* = (1.261)
-  V 1 J -

The latter expression approximates the distribution of the fish’s body height along the 
fish’s length. It is also feasible to consider the distribution of the oscillation velocity along 
the fish body as

Fig. 1.32. Assumptions underlying recoil. (Redrawn from Lighthill, 1977).
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f  X Л
v„ ,= v„ 0 l - - .  (1.262)

V b J

Here, x -  b is the axis of yawing, b is the actual number, unlike vn, which may be 
complex and is the amplitude of oscillations in the lateral velocity at the point x = 0 (on 
the tail edge).

Then Lighthill writes down the equation of impulses as

i i
icoJ p s 2vnl dx  = -J  kps\vnl\vnldx + F0, (1.263)
0 0

where F=Fq eIW/; the factor eiwt is everywhere omitted. The left-hand part is a time- 
derivative of the impulse of liquid induced by the oscillating body. It is integrated by the 
body length. The right-hand part is the sum of the acting lateral forces, including those 
of resistance against the lateral motion (the integral in the right-hand part).

In the similar way one writes down the equation of the angular moment

i i
iO)j x p s 2vnidx  = - J  xkps\vnl\vnld x + F 0. (1.264)

0 0

Here, the moment of forces is calculated in relation to the points x = 0 to which the force 
F is applied.

The left-hand part (1.264) regards (1.262) and (1.261) and accepts the form

A iw p sly  Л 2f  4 / 3
“° 1 - r -  . (1.265)15 l b )

disappearing at b -  0.571/.
The right-hand part can be written as

-  — ^YV2'Y V,,° [2 lb5 - b6 -  {l -  b)6 + 4l{l -  -5 / 2(Z - b)4 ] (1.266)

which disappears at b -  0.589/.
The value of b in the interval between the obtained ones can be considered as the 

axis of yawing, i. e.

b=0.58/. (1.267)
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Fig. 1.33. The real and imaginary parts of the expression (1.270) vs. of the parameter .(Redrawn from 
Lighthill, 1977).

With account of the above results, the equation of impulses (1.263) is transformed 
into

0.014icops2Jvn0+0.051psj\vn0\vnQ = (1.268)

The second term in the left-hand part is due to the impact of resistance against the lateral 
movement. If we neglect it, then we shall have a clearly «reactive» case when the 
lateral velocity, expressed by

V,lR ~  0.074 Fopsll’ (1 -269)

gets shifted by the phase to 90° in relation of Fo. Such phase shift of the force and the 
reaction velocity should not lead to additional losses of energy. However, this condition 
is not valid because of the resistance term in the equation (1.268).

With account of (1.269), the complete expression (1.268) can be rewritten as

f I j)
v„0 1 + 0 . 6 9 - 2 ^  = v  (1.270)i cosv m )

The actual and imaginary parts of this expression can be easily calculated and are 
shown in Fig. 1.33 in the function of the value

r  -  VnR_  Fo-icosn, ~  0 .074ft) V ,3„Z' (L271)
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The latter is the relation between the reactive response of the fish body to the impact of 
the force Fq and the response in which the lateral shifts of the posterior edge at v = 0 
have the amplitude equalling the maximum body height sm. The imaginary part Im(v ;o) 
is always negative and therefore it is situated below the axis in Fig. 1.33. Meanwhile, 
the actual part Re(v ), leading to the energy dissipation, is always positive, being situated 
above the axis. An interesting conclusion can be drawn from Fig. 1.33. If £ is small in 
comparison with 1 (for example, when £< 0.2), the «recoil» is almost completely reactive,
i.e. Re (v ю) is essentially smaller than Im(v/io). It is quite accurate to believe that v/io= vnR. 
Under such conditions, additional losses of energy can be neglected.

The condition £ < 0.2 means that the movement of the «recoil» is a lateral shift with 
the amplitude below 0.2 sm throughout the entire body length of the fish. With that, the 
greatest value of the shift relates to the body point x -  0 (the point to which force F  is 
applied). Hence we can make a very important conclusion: the fish prefers to have the 
body height sm as high as possible because in such case the condition of the small £ is 
easier to fulfil.

Lighthill believes that scombroid fishes reveal respective morphological changes 
aimed at minimising the phenomenon of yawing (the phenomenon of the «recoil»). 
First, there is an increase in the height of the anterior part of the body due to which the 
virtual mass greatly grows. Second, there is a decrease in the cross section of the body 
part between its middle and the caudal fin: this part directly adjust the caudal fin. The 
oscillation velocity of this part is already quite considerable but still it does not heavily 
intensify the thrust. When the cross section is essential, this part could have a large 
virtual mass and could promote the value of the «recoil». Such morphology of scombroid 
fishes permits them to realise the advantages of the scombroid swimming discussed 
above and to utmostly minimise its drawbacks («recoil»).

The above theoretical analysis made by Lighthill disregards the longitudinal velocity 
of fishes’ motion. However, this problem when specially considered, shows that the 
swimming velocity with U/col not more than 0.1, the impact of the longitudinal velocity 
upon «recoil» can be neglected.

Paper (Kambe, 1978) develops Lighthill’s theory about «recoil» for a more common 
case. Besides the facts regarded by Lighthill, some more information has been added: 1) 
on the rectilinear motion at constant velocity U\ 2) on the resistance to the fish’s rectilinear 
motion; 3) on the possible descent of the vortex screening in the posterior part of the 
fish’s body from the edges of the dorsal and ventral fins.

However, it should be noted that the numerical estimates in (Kambe, 1978) do not 
differ much from those made by Lighthill. In particular, according to the estimates of 
(Kambe, 1978), the axis of yawing should assure at the distance of 0,42 from the fish 
nose, which particularly coincides with Lighthill’s estimate for a simpler theory. The 
analysis made in (Kambe, 1978) also allows to conclude that the energy losses due to 
«recoil» are considerably smaller when there is no descent of the vortex screening from 
the dorsal and ventral fins. It is very urge to minimise the descent of the vortex screening
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from the fins by which the author of (Kambe, 1978) explains the power of some fast- 
moving fishes to withdraw their fins into special hallows on their body.

The author of (Kambe, 1978) compares these estimates of the position of the yawing 
axis with the position of the minimums of the amplitude function of oscillations in some 
fishes as they were examined by Bainbridge (1963). This scientist believes the minimums 
of the amplitude function to be coinciding with the yawing axes. According to Bainbridge, 
in three fish slices under his study these minimums are situated at the distance of 0.36/,
0.31/ and 0.29/ from the fish’s nose respectively. This is in good agreement with the 
estimates of Lighthill and Kambe. Some divergence from the marking estimate (0.42/) 
is due to the asymmetry of the position of the mass along the fish’s body which was 
disregarded by the theory. But there can be another explanation: we shall give it in the 
next chapter with the body deformation in actively swimming fishes and dolphins.

The described analysis of peculiarities typical of scombroid swimming in fishes 
demonstrates that in the first approximation it seems possible to describe it by the theory 
of the thin body developed by Lighthill, his followers and Russian academician G.V. 
Logvinovich. The phenomenon of «recoil» can be disregarded because nature has given 
scombroid fishes such morphological features which utterly minimise the adverse side 
effects. Whenever possible, it is vital to get experimental data on the genuine law of 
body deformation in the actively swimming animal. This law will inevitably include 
both the result of the animal’s muscular activity and the effect of «recoil». The use of 
such law while estimating the energy and force parameters of animals’ swimming will 
be the most correct one.

1.3.5. Applicability of the hypothesis on stability for estimation of the 
hydrodynamic forces developed by the lunate tail

The above theories of the lunate caudal fin are, to a large extent, very approximate. 
Even the theory advanced in (Chopra, Kambe, 1977), though it most completely reflects 
the characteristic features of the lunate fin, is far from perfection. This theory disregards 
some important peculiarities, for example, the thickness of the fin, the oscillation 
amplitude, etc. Therefore, to be able to provide express-estimates of the forces developed 
by the fin, it is often necessary to use relations obtained for the wing in the stationary 
flow and to consider that the forces affecting the wing are specified by the instant values 
of the attack angle and the instant velocity of the wing motion (the hypothesis of stability). 
However, it is vital to know the threshold values of the motion parameters in the caudal 
fin or of its approximating wing at witch the hypothesis on stability stops working.

In paper (Dovgy, Kay an, 1983) the authors made experiments with the propulsive 
characteristics of the rigid rectangular wing with the profile of NACA-0015 and aspect 
ratio X = 3. The wing was fixed in the water flow on some special drafts which provided 
the wing with vertical oscillations in accordance with harmonic law
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y=AQcosoot, (1.272)

where Ao was the amplitude of oscillations. The drafts, were hinged in the middle section 
of the wing at the ends of the profile chord. The coordinates of the wing edge in this 
case were changing by the following laws: the anterior edge

y = A ocoscot, (1.273)

for the posterior edge
y2 = Acos(cot-(p).

Fig. 1.34 shows the experimental data for the thrust coefficient depending on the 
parameter Ap-  U/((i)Ao) where U is the longitudinal component of the flow velocity. The 
data were obtained at two values of the phase sleight in oscillations of the wing edges 
equalling 36° and 18°, the oscillation amplitude Ao= 0.06 m.

The same figures presents the respective dependencies calculated theoretically (curves 
1 and 2) disregarding the suction.

It is obvious that at the phase shift of 36° the calculated values, based on the hypothesis 
of stability, rather accurately agree with the experimental ones at the values of Ap from 
1.1-1.2 and higher. If we regard the suction, the thresholds of the hypothesis on stability 
will expand towards smaller values if A .

By using the data in Table 1.5 -1.7 and of work (Fish, 1983), it is easy to estimate the 
values of the parameter Ap-  1.16 -  1.36 characterising the kinematics of the dolphins 
caudal fin for two values of Tursioips truncatus swimming velocity U = 2 -  6 ms-1. The 
estimates showed that when the dolphin’s swimming speed varies from 2 to 6 ms-1, the 
value of A varies from 1.16 to 1.36.

p
Before drawing any conclusions from the analysed estimates, it should be noted that 

the kinematics of the caudal fin of Tursiops truncatus corresponds to that of the wing

Fig. 1.34. Thrust coefficient vs. Xp. (Redrawn from Dovgy, Kayan, 1981).
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profile studied in (Dovgy, Kayan, 1983) when the phase shift of the wing edges equalled 
36°. Hence, the theory of the wing, based upon the hypothesis of stability, is sufficiently 
accurately applicable to estimate the characteristics of the fin propulsor of Tursiops 
truncatus when the animal’s swimming velocity is 2 m s 1 and higher. Unfortunately, it is 
impossible to make similar estimates for other species of dolphins, likewise for fishes 
with the lunate fin because there are no kinematic parameters necessary for such 
calculations.

The conclusions on the applicability of the hypothesis of stability, similar to those 
made above can be also drawn from the analysis of (Grebeshov, Sagoyan, 1976; 
Korennaya, 1981).

1.3.6. Hydrodynamic forces exerting a rigid wing moving with high 
hearing and pitching

This part deals with two models of wing movement: one with low amplitude of pitch 
and heave and the other with high amplitude (Pushkov, Romanenko, 2000). That is 
aimed to com pare the results of different methods used to estim ate achieved 
hydrodynamic forces although the ways of obtaining the results were the same and also 
aimed to compare them with the experimental data.

Plane transient movement of thin wing problem was discussed by L. I. Sedov (1966) 
and A. I. Nekrasov (1948). In case of low amplitude oscillations of the profile in relation 
to some main motion the authors obtained the expressions for hydrodynamic forces, 
which allow simple physical interpretation.

Given a thin wing moving in boundless volume of liquid, which rests on the infinity. 
The movement of the wing can be represented as the main movement with the speed Uo 
and some additional movement with small drift and low speed. When the wing movement 
is described by the coordinates XOY, which moves with the speed UQ, we consider that 
vortex wake comes off the back edge of the wing, and the Chaplygin-Jouckovsky 
condition for finite speed is true. There were obtained the following expressions for 
lifting force Y normal to the wing line and for suction force X  oriented along the wing 
line,

у  =  .  ( 1  2 ? 4 )

X =2pmv + ( l /2
{ ’ t w ^ ) '
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where га* = pn{bl2)2 is virtual mass of wing, Ы2 is a half of chord, a is amplitude of

_
transversal oscillations, v i is normal speed in the center of the wing, to — is angular

velocity, y(%9t) is vortex intensity in the trace at the distance of t, from the centre of the 
wing.

With the help of simple transformations equation (1.274) can be transformed in notation

Y  = - m * ^ j L - p U or ,
d t (1.275)

X  =  m * v n(Oz +  p v n Г  -2 p m u t (v„ -  и*).

Here the value Г  = 2 nocv - _ M may be considered as added circulation
" 2 J

- 1  r Y((Nekrasov, 1948) and the value и, = —  , as some effective velocity induced

by presence of the vortex wake behind the wing.
The first member of the suction force notation (1.275) coin Aides with the solution 

of the wing movement plane problem in the absence of the circulation, the second member 
is due to circulation and may be treated as Jouckovsky force projection Y = pUF , where 
U is absolute velocity of profile centre movement. The third component by its structure 
is analogous to the expressions for inductive reactance X. of the stationary moving 
finite span wing.

In fact, the scheme of the Prandtl carrying line leads to the equation

i
X,. = pn| bum (vn-  и ni )dzt (1.276)

-I

where b is the chord of the wing in section z, / is a half-span of the wing, v^is normal 
velocity of the wing, м = и .(z) is the velocity induced by vortex wake in the points of 
the carrying line.

Let us consider the task of nonstationary motion of the finite span wing as it is defined 
in plane task. Let the plane projection of the wing be symmetrical relatively to central 
line OZ (fig. 1.35). In case of nonstationary motion of finite span wing the effect of the 
trace on hydrodynamics features of the wing can (as in plane task) be taken into account 
by introducing some effective induced velocity. Suppose plane sections method can be 
applied and relations like (1.275) are right
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Y = - m * ^ L - p u 0 \r (z )d z ,
at

/
X  = m  * vncoz + p vn J r ( z ) d z  -  X t.

-I

(1.277)

Here m*is virtual mass of the wing, X t-  -  f t (z ))d z  is inductive
-I

“reactance”,/* is some effective velocity induced by the vortex wake that stays in the 
trace, vn is normal velocity of the wing in the points of its symmetry axis 0Z, b(z) is the 
chord of the wing section z-const, I is half span of the wing.

As vn does not depend on z then it is possible to make upper estimation for X . :

V„2
X t < p n S — , (1.278)

where S is the square of the wing. The last expression shows that in case of non-steady- 
state motion of finite span wing the coefficient of inductive resistance can not exceed

CXi < ка2 /  2 , where a -  vJU 0 - is the instant angle of attack, f/ is the velocity of the 
main movement.

Com paring the obtained upper estim ation value for Cx with the standard 
characteristics of the wings with aspect ratio A=2-5 we can see that actual values of

Fig. 1.35. The co-ordinate system in the wing frame of reference.
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are slightly less than the estimation. So for the wings of such aspect ratio the vortex 
wake staying behind the wing during its stationary motion with some angle of attack a, in

fact ensures the maximum value С Xi -  КОС  / 2 by means of the inductive slopes of the
flow, which it creates. Therefore the additional slopes of the flow created by the vortices 
caused by the non-steady-state motion of the wing can not increase the value of C Xi due 
to the estimation (1.278).

In order to get the value of the suction force X  and projection of the hydrodynamic 
forces T  on the axis OX of the oscillating finite span wing we can use the upper estimation 
mentioned above.

Taking into account (1.277) and profile resistance, it is possible to state:

T = m * v a(Oz - [  Y  + m *  -Yd-X, - (1.279)
^ dt J U 0 2

where С is the coefficient of profile resistance, and the inductive resistance X  is defined 
by (1.278).

If V = dy/dt -  transverse velocity of the wing in its centre, then v -Uy& and

d r \
X  = m * v nCD- F l f f l A

{  dt
V dv v (1.280)

T = m * v m - Y ^ - - m * — n- - ^ .
U0 dt  U0

So if we know the value of ra* and Y we can estimate the suction force and the 
projection of the hydrodynamic forces on the axis OX. Every time as we evaluate X  and T 
we can use the known numerical solutions (Belotserkovskii, 1971) for Y and ra*.

Let us consider the motion of the rectangular wing. The transverse oscillation

y = asincot, (1.281)

and angular oscillation in relation to the point, which is quarter chord far from the front 
edge,

# = =  t^ + t^ c o  scot. (1.282)

are added to the basic motion with the speed UQ along OX axis. We get for T

T = X (j-  Y d - X i - Щ А - С р , (1.283)
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or for thrust coefficient

2 T  U 2 С
= / 2 7 7П = ~~T~f  т и л . (1.284)

P S \U q + (асо) J [U 0 + (aco) j

Here XQ and kx0 are the suction force and suction force coefficient respectively without 
accounting inductive resistance, kJF is drag force coefficient, k. is inductive resistance 
coefficient, Cp is the shape coefficient, #  is angle between OY axis and normal to the 
wing plane.

Every time as we evaluate X  and T we can use the known numerical solutions 
(Belotserkovskii, 1971). Linear approximation of the lifting force value is defined by 
expression

У = Н Л СИ - СИ  + С“'Т Г  + c “" l f \  • (1.285)Z у U 0 ^0 U0 у

Here С у , С )  , C °)z , C°)z - coefficients of hydrodynamic derivatives

Now we are going to find the law of wing motion relatively to its centre to define the 
OX components of the hydrodynamic forces 

Vertical speed of the wing centre is

Vy =  aa) c o s  cot +  (Ь /4 ) (о б х sin  co t. (1.286)

Normal speed in the wing centre is

vn = V y -  U 0d  =  (aco -  C/0#j )cos&tf + {b I A \o d x sin cot -  U 0d 0. (1.287)

More essential relations:

vn =  - (a c o  -  U ^ y o s i n c o t  +  (b /  4]co2d { coscot,

со z — id — tTjto sin cot, 288)

cbz = -& {co2 coscot.

Coefficients of hydrodynamic derivatives depend upon Strouhal number which looks like 

c j ,s h  =  ~  . (1.289)
^0
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They are represented in the Table 1.8.
Let us define separately drag force, suction force and inductive resistance. To define 

the drag force we have:

- Y «  =  - P A s i - C “ i ■-c ; | |  + с - Д  + с ; .  A .  ( , .290)
Z  ^  и  о U 0 U  о C/q ^

Using equations (1.281), (1.282), (1.284) and (1.286)-( 1.288) and accounting smallness 
of #.2 we get equations for wing oscillation period average drag force coefficient

■ <L291)

where

3 U 0
Ap = —  . (1.292)

aco

According to (1.280), suction force (without inductive resistance) can be represented as 

X 0 = m * v na)z - ( y  + ш * ~ 7 т \п '• (1-293)
у at J U 0

Using the same equations and conditions as in derivation of equation (1.291) and 

accounting C yz «  С у (see Table 1.8) we get suction force coefficient

Wing planform Я Sh a
s s

s-i(07 /̂ i(07
S '

in fin ite oo 0.5 4.352 -0.761 1.089 -0.583
infinite oo 1.0 3.757 0.624 0.939 -0.237
rectangular 4 0.25 3.47 0.1 0.933 -0.492
rectangular 4 0.5 3.26 0.473 0.875 -0.243
rectangular 4 1.0 2.96 0.895 0.8 -0.128
triangular 4 0.25 3.33 0.077 1.248 -0.163
triangular 4 0.5 3.24 0.182 1.22 - 0.121
triangular 4 1.0 3.07 0.352 1.153 -0.061

Table 1.8. Coefficients of hydrodynamic derivatives. (Adopted from Belotserkovskii, 1971).
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и л 2 Г 2 if 1 Y
к х 0 = Щ - ^ * ° + 2 Т р ~ * '  • (1.294)/|_ у У

То estimate inductive resistance we use relations (1.279), (1.281), (1.282), (1.284), 
(1.286) and (1.287) and get the inductive resistance coefficient

; 2  Г  1 (  i  V "

T. -  n  Af , 1 1 „
2 W Z 1)" l T  ' •L v p J _

Inserting (1.291), (1.294) and (1.295) into (1.284) we get expression for time average 
thrust coefficient

; 2  Г  r a f  1 ) i  ( л  V

к т = — ^   — A — — - A  A,2 - c  n  9g~
(A2 + 1) 2 (A , jA p 4 (A p 4  2  p • d-296)

The last two members of the right part in the square brackets do not depend on the 
varying wing parameters but only on its stationary characteristics. They can be merged

Cx o = |A 2 + Cp . (1.297)

Here Cxo is the coefficient of wing resistance under condition of stationary motion with 
angle of the pitch #0

Fig. 1.36 shows the theoretical dependence of the value kT on Я for the right-angled 
wing of NACA 0015 airfoil (aspect ratio is 4) with a]b=Q.285, #o=3.7°, & =3°, Cxo=0.012.

Fig. 1.36. Thrust coefficient vs. Xp for the heaving and pitching motions of the wing (the profile NACA-0015).
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This value of Cxo is taken from (Grebeshov, Sagoyan, 1976) and dependence of Cya on 
Strouhal number is taken from (Belotserkovskii, 1971) (see Table 1.8). In the same 
picture are plotted the experimental points for corresponding wing motion taken from 
(Grebeshov, Sagoyan, 1976). As we can see, the theoretical evaluations correspond to 
the experimental data. In work (Grebeshov, Sagoyan, 1976) there are shown the results 
of the experimental studying of the two wings of different relative thickness. There is 
the aerofoil TSAGIKV-1-7 wing, whose relative thickness is 7% and the aerofoil NACA- 
0015 wing with relative thickness 15%. However we compare the theoretical estimations 
and the experimental propulsive characteristics of NACA-0015 wing of greater relative 
thickness just because it satisfies the condition of airflow without breakaway in large 
range of the attack angle values, which was assumed while deriving the equations of 
estimations. According to the experimental data the hydrodynamic characteristics of 
both wings are close to each other only if the angles of attack are less then 8°. When the 
instant angle of attack is large, the suction force of the thin wing is reduced by the 
partial or complete airflow breakaway.

Now let us discuss the case of the harmonic plane-parallel oscillations of the wing of 
finite span. Let the plane-parallel oscillation у  = asmcot with amplitude of a  and cyclic 
frequency of (0 be superimposed on the basic motion of the wing along the OX axis at the 
angle of attack of and the velocity of UQ. Let us define the oscillation period average 
thrust with equation (1.296) at ^ = 0 :

7 К  \ l f r a 1 Г
<4 + i ) [ г )  ’  2 J 4  ” }  <L298)

Figure 1.37 shows the theoretical dependence of value on according to equation 
(1.298) for the same wing at =3.7°. The experimental points from the work (Grebeshov, 
Sagoyan, 1976) were also plotted in the same chart. It can be seen that in this case the 
experimental and computed data match well.

Fig. 1.37. Thrust coefficient vs. A for the heaving motions of the wing (the profile NACA-0015).
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The case o f large oscillations o f the wing. Let us consider the motion of the finite 
span wing into the unlimited volume of a liquid. Let the plane projection of the wing be of 
symmetric shape relative to 0Z-axis. Let the motion of the wing be defined as periodic 
oscillation у = y(t) and 0  = 0  (t) in the coordinate system of OXYZ, which moves at the 
constant speed of Uo in the direction of OX, see fig. 1.35. Here # is  the angle of pitch. Let 
us assume that under the transverse and angle oscillations at high amplitude the instant 
values of the angle of the attack are of small values and that there is no breakaway. In 
this case due to the laws of physics the equations like (1.277) for the components of 
hydrodynamic forces are valid:

7 i
Y = - m * - j L -  p U  cos a j r ( z ) d z ,

r / ч (1.299)
X  -  m* vncoz + pvn j  r (z )d z  -  X r

-I

The lifting force Y, which is normal to the plane of the wing, has two components: the 
component depending on the media inertia and the circulation component. The vector of 
suction force X  is perpendicular to 0Z-axis in the plane of the wing. The value of X  is 
determined by the values of inertia component m *vncoz , of circulation component

/
pvnj r ( z ) d z  and of inductive resistance X.. The circulation components in the

-/
expressions of the lifting force and the suction force are the corresponding projections

i
of the Jouckovsky force p U  J r ( z ) d z  which is normal to the vector of the instant

-/
velocity of the wing motion U. In expression (1.299): U is the absolute velocity of the 
wing movement respecting to motionless liquid, vn is the normal to the wing plane 
component of the velocity U\ ra* is the virtual mass, Г  is the circulation in the section of 
the wing Z, p  is density of the liquid, со = d b /  dt. The values of U, vn are determined in 
the points of the wing symmetry axis OZ

vn = Vy c o s $ - U 0s mi f  = U  s in a , (1.300)

here V = dy/dt, a  is the instant angle of attack of the wing.
The 0X-components of the hydrodynamic forces are
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Т  = X cost? -  7 s in t? -  ^ T — C pcost?. (1.301)

On the basis of (1.299) and (1.301) we can take the expression for T  into another 
expression:

T  = in * Ĉ V"s l n + р у у J r (z)dz-  X, cost? -  tTTL Cp cost? (1.302)

Therefore under periodic oscillations of the wing, period average T depends mainly 
on circulation member and on inductive resistance.

Under linear approximation like in case of small oscillations of the wing the lifting 
force Y can be estimated with equation

dv 1
у - ~ m p U cos a ) r ( z ) d z  -  (1.303)

= ^ Т 1 5 [ - с р - ^ - с р - 4 + с шр  — + с у Щ - .
2 y и  У и 2y и  y U 2V /

Let us consider, as we did above, that the coefficients of the hydrodynamic derivatives 
depend on the Strouhal number (see Table 1.8) and keep constant during the period of 
oscillation.

Taking into account (1.302) and (1.303), and considering UsinO -  V we get

М * „ й г в - ^ с ; щ у , - ь ' р щ ^ -

p S l f  <1304>
-X . соя? С соя?

2 p

Here в = a +t? is the angle of the slope of the wing motion trajectory.

Let us find the period average T  in cases when

\ ) y  =  a sm c o t, t? = t?,cos cot;

2 ) y - a s i n c o t ,  a - a {cos cot;
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are true. If y=asm(Qt, # = $ ;cos cot then equations vn sin в  = 0 ; (OzVy = 0 take place.

In fact

vn s in 0  = •—V- S*n -  -  -  vn cos 96 = -  U  = U0D 6 ;
dt

fi t V>й U Ce = a r c , g — , e = ^ T ^
U 0 u  0 ^  %

т r

and \ ( - U (lae}it  = \ ( u ()w } d  = 0
0 0

Here x is the period of the wing oscillation. Under the motion law: у = asincot, #=#jCOScot 
equality coV = 0 is evident.
If у = asincot, a = a xcoscot then

/ • V UQVvVv
ш у у =  W ,  =  (в -  а У ,  = -

U 0  +  V y

  л U 0V  V  d t }
a > ,V -’  = ^ l 7 + v T  =  0 ’ j a v yd ,  =  0 .

0 U 0 ^  Vy o

Thus in the case of the discussed wing motion, the period average T is defined by 
quasi-stationary approximation

т = ~  ( С С у  у  -  < v  b 2CSin0) -  X,. c o s #  -  pu-2 cos . ( l .305)

Also, on the base of (1.278) we can write

T  = ~ С р га У ш ) ~ Д  4  c o s e  cos в , (1.306)

When T is estimated under the law of oscillation is у = asincot, &=d{coscot, we can 
use the equation

vn = Vy cost? -  UQ s i n # .

With Taylor expansions of the functions cos# and sin# we get the equation for the 
mean value of v Vn y
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(  a f  Л о  о 2 7 Л  )1 aco j 3 ц  aco 1 )

—  ^ г о т .  2 1 ^ Г  J  8 ^ Д  '“ 3 j +

" У 0 1  иА,5 а 4 Г ^  0  • (L307)
16 4! и л  5V V 0 1 J )

Taking into account (1.292) we can formulate (1.307) as

f  /  \  9 /  \  Лi(i 0 з л l i Q л -------- i----------0 . +
  1 2 Ap 8 2! Ap 3 1
v y  = f/ 2 —  2 ' '

, ! У~ Ч <  s t f f i  1 Л  • (L308)
+ -   0.

16 4! A 5
V v  w J

To estimate the value of b 2C07 s i n 0 , which is the part of the equation (1.306), we

need the following equations.

d 2(d) d 2(d. coscot) 2
со =  — \  = — ---------l -- $ c o  cos ,

dt d t2

sin0  = sin(0  + a )  = sin0 cosa + cos0 sin a  = sin0  + a c o s 0 ,

V
в  =  a rc tg  - у ,

U 0

vv i ( vY i ( vY i Y
a  = a r c tg  —̂  -  0  = — —  + - —  —  —  -  0  cos* U 0 U 0 з(б/0 J sft/oj 7(6/0J

0 2 0 4
COS0 = 1----- + ----.

2 24

Vv
Here we use the Taylor approximation for the functions a rc tg  —4- and cost?. We take

Co
into account only four members of the series for the first function and only three members
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for the second one. Also we used the condition under which the attack angle is very 
small. Eventually we get

b 2cbz sin 0  =

1 f i - 1 1 -  5 V 34 i -  5 i 7 3 1 ,
hJЧ  “ Ч + 8А Г « Я * | 8А ,( “ 18Я2/ 4 8 Я ; - 3 2 Я ^  ^

L 4 t  48 ' J J

Likewise, for the expressions у2 cos & and j j 2 cos 7? - which are the parts of the 

second and third members of the right-hand side of the equation (1.306) we get

}±_JjU2fv-Y+-*V-X  I , К  1 8 A , 9 A 9
v2 cost? = —U l p7 ' 7

2  15 /  1 10 0, 7 2)  (L31°)
+ — A4 —  - L  + —  Щ

32 (A 2 9 A, 27 J

and

-------------------- (  1 ЗА2 ?72
G 2 C O S0-f/ 2 l L - k - ^ U -  L (1311)

0 2A2 16 A2 4 •
V p p

In this case we also use only two first members of the Taylor approximation for 
functions sin# and cos#. Error does not exceed 1.6% under the real parameters of the 
dolphin fluke (Romanenko, Pushkov, 1998).

The first members of the expressions (1.308), (1.310) and (1.311) define the solution 
of the task under the low amplitude theory conditions. Their substitution into expression
(1.306) gives the equation that exactly coincides with expression (1.296) under the #0=0 
condition.

It is useful to estimate separately the part of the suction force in the expression
(1.306). If we assume the angle of attack to be small and we do not take into account
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inductive resistance, then on basis of expressions (1.299), (1.300) and (1.303) the suction 
force can be presented

X x = X 0 cost? -  m v ncozcost? -  m *vnacost? +

Д ( с > „ ! + cy,ba-c;-o)!bv,-С ‘’ю У а )cosft (1312)

If we find the time-mean value of this expression at the oscillation period it will lead 
us to

I ,  =~{Cyvlcost? -  Сy l b 2ci)za  cos f i j .  (1.313)

Here v 2n cos $  defined by expression (1.310), and

( 1 V  3 5 ^
— - A  1 - - A 2 + —  -

тт.:---------- 5 I  8 192b co7acost? = — !— \Sh)  v , 3
2 1 i )  t?2 f  21 )  • d -314)

_4Я;[ ~2A2 J + 48A ;[ ~40A2 J_

To derive this equations we used the expression for the attack angle

V
a  -  a r c t g - y - d   ̂ (1.315)

V>and Taylor approximation of the functions a rc tg   and cos$ with only three first
U 0

members.
Now let us estimate the value of the thrust when y=asincot, a = a lcoscot. Under this 

law of the wing motion we get
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  я/со --------------------------
v,V = а хасо— f cos2 (Ot^U I + (aa>)2 cos2 (Otd

У n  о

1 f 1 (aft))2 1 (aft))4 j /777 / yTA (1-316)= -a,aft) 1 + ------ \—j-—Г7 ----- 1-2—   ъ+--- /2.
2  1 ( 4 2 [ /, + ( a c o f  16 [2(, ; t (e f f  JV

The expression (1.316) was obtained on the base of

2 /772 / \2 Г ~  1 /,  ̂ (aft))2 , (aft))2 cos2ft>?cos (OtJUn +(aco) cos ft# = — (1 + cos 2cot\ Un + -  1h  — — r r - =
^ 0 V ’ 2 (aft))

1/ „ ч ГТ (aoj)2 , 1 [(aft))2 cos2ft)tl 1 Г (a ft))2 cos2ft)rl (1.317)
= — (l + cos 2cot\lUq +-— M l  + - - 4— J— — — - -  7— —  +... .

2 A  2 2 2U\ + (aft))" 8 2 t/2 + (aft))2 _

Taking into account (1.292) we can write

^ \ и 1 а У \  (1.318)

Similarly we can obtain the expressions

, 2 .— а Д 2 / ч2Г i f  3 5 35 )
/) ft). Sin в  = - (5/)) —  1-------- -Г--+ -----77--------- 77- 11 3191

2  A 8A2 48A 384A* ’
ШШ ^ /-*

-1------- U[) а \ { л3 5 49 119 )
V" C° S _ 2  + 8A2 48A4 1152A6p 1280A8p  ̂ (1-320)

and

!̂ sl/«(1+4A'iY} <1321)
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To derive the expressions (1.319) -  (1.321) as previously we used the Taylor

V,
approximations of the functions a rc tg —  and cost?.

Thus, when the angle of an attack or the angle of a pitch are varied harmonically, we 
get the various estimations of the component of the hydrodynamic force T.

A relationship between the hydrodynamic forces and the location o f the pitch-axes. 
Previously we explored a problem when the parameters of kinematics of a wing center 
are assigned. However, the problem when the parameters of kinematics of the arbitrary 
wing point are assigned is more important because a fluke pitch-axes of dolphin is 
arranged in trailing edge (Wu, 1971; Zaytsev, Fedotov, 19860. (This agrees with estimates 
of the Ch. 6).

We shall analyse the problem when the parameters of the wing kinematics can be 

specified relatively to a point x 0 which is located at a distance of x from the wing center 

(Fig. 1.35). A wing movement determined by the parameters of movement of the point 

x0 is:
amplitude of oscillaton

y 0 = y( t )  (1.322)

and an angle of fluke axis relatively to horizontal axis

0 O= 0 (f). ( L323)

To make an estimate of the hydrodynamic forces developed by the wing we can use 
the formula (1.304) but all involved expressions are bound to be written relatively to the 
wing center:

Tc = m d ^ n O )+ plc «v^  +^ |c « _ ^ _ Jv nc sin0c-bC?a>tV„-Ь2С*Щ втвс -

p s u 2 P  H 3 2 4 )
-  X. cos 0  C„ cos 0.

2 p

Here index “c” symbolizes that the parameter is bound to be written relatively to the 
wing center.

All involved expressions in (1.324) are in the form

Vxc- U 0 -(Ozx  s in 0 , (1.325)
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v y c = v y 0 + c o zx c o s d ,  (1.326)

v nc - V yXc o s d - U 0 s i n d  +  (Ozx  =  U c s i n a c , (1.327)

H = ^ f ,  (1.328)
dt

V
в с = a c +d  = arctg? (1.329)

xc

\J ]  = ( y vc +CDzx c o s $ y  +  (U Q -a > zx sm '& )2, (1.330)

y0 = a s in c o t , (1.331)

where Vy0 = у 0( t) , cDz = $( t )  and x  is the separation between xQand the wing center 

(in metres).
Formula (1.324) is the same for the different parameters and the wing forms. The 

wing form is defined by values of the coefficients of hydrodynamic derivatives and 
virtual mass. Formula admits the computer solution only. However, it has been possible 
to calculate in a crude way the thrust by using formula (1.324) after rearrangement. As 
before by applying the averaging t over the ray period with the proviso that

$  = cos (Dt an approxim ate form ula is derivable from (1.324). A variant of

CC = Otx cos COt we exclude from consideration because an angle of attack of dolphin
flukes is not harmonical (chapter 6).

The time - averaged thrust is

Tc = ^ \ c ayV j r c + b2dx sine, - | v 2. cos e - C f U] costf j (1 .332)

Here as before the coefficient of inductive resistance can be represented by expression 
(1.278).

A rigorous analysis of formula (1.276) shows that: 
in the case of the two-dimensional wing the inductive resistance is equal
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X ic = p n b u t (vnc -  u , ) , (1.333)

for triangular wing (Z -  semi-span)

X ic = pnlbu, (Упс-  u <) (1.334)

and for rectangular wing

X ic = 2 pnlbu.t (vnc -  u „) (1.335)

u „ _ v r a v-  i i C A  YjCi r * ’
where u . ~ v nc С у 2 л  > 2л  4 + S  '

The estimation of the inductive resistance calculated by formula (1.278) exceeds the one 
calculated by formula (1.333 -  1.335) by 20%.

All involved expressions (averaged) in (1.324) are in the form

—  A . V x T  A2 f . A2)]
i ~ —  t (1.336)

ч al trap ^ 1-
where the first term at the right part of formula is (1.308).

b2(bzsin CCc = b 2d)zs i n 0 s - ^ L ( 5 / t ) 2 , (1.337)

o): Vvc= 0 ,  (1.338)

      7 A .V jc T ,  A,2 f A2Y
v „ccos A = v„ cosA + — - —  1 —  ' (1.3 3 9 )

L v JJ
where the first term at the right part of formula is (1.310).

—— —  — -----  ft2m2r2 Г ft2 ( 19 V
U 2 cos A = [ / 2 cos A + —1 - —  1— 4- Л2 , (1.340)

2 [  8 V 48 J]
where the first term at the right part of formula is (1.311).
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The expressions (1.332 -  1.340) should be put to better use of coordinate normalized 
to the wing chord

x  = bX  , w here X =  — (1.341)
b

The virtual mass of the infinite profile per unit length (Logvinovitch, 1970)

p n b 2
m  = 2 -— . (1.342)

The virtual mass of the rectangular wing

* n t~\inb 2m ~ 0.9pi —. (1.343)
The virtual mass of the triangular wing (Romanenko, 1986) 

p n b 2l
m  = (1.344)

6

It is useful to estimate the contribution of suction force to the total thrust:

X xc =m*vnccoz cos B-m*vncaccos0 +

y (C>« + cX ba. - c» « -Cf'bi,b2aXos0.  <IJ4S>

The time -  averaged suction force is

X x= £ X ( c av V2 cos P -  0  Э2(У acos 0)+
2  \ у n у z /

+ Г ps_<c a x  + c . z m]b ; U o ( S h f  L  f>P\ (1.346)
2 1 y y ’ b 2 8

L J  V У

The time -  averaged expressions at the right part of formula are (1.310) and (1.315) 
correspondingly.

Coefficients of hydrodynamic derivatives included in the expressions of the thrust 
and suction force are in the Table 8.
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To test the validity of the theory and derived solution for thrust (1.332) we estimated 
the thrust of two-dimensional wing and compared it with data of works (Schehovtsov, 
1999; Zaytsev, Fedotov, 1986) (the wing profile drag is not taken into consideration). In 
the work (Schehovtsov, 1999) a non-linear, non-stationary, two-dimensional numerical 
model was constructed using the improved method of discrete vortices. Authors of the 
work (Zaytsev, Fedotov, 1986) examined by the numerical method of the vortical surfaces 
the problem of a rigid finite span wing moving with high amplitude of transversal and 
angular oscillations. The calculations were performed at following conditions: 57* = 1,

— = 1 , a { = 10°. Our data (curve 3 on Fig. 1.38) are positioned below the data of 
b

x
Zaytsev, Fedotov (1) and Schehovtsov (2) in the interval 0.4 < — < 1 .5 . This is attributable

b
to values of coefficients of hydrodynamic derivatives which are defined in the context of 
small amplitude theory. In line with this theory wing surface and vortical wake are arranged 
in the same plane. When the wing moves at a high amplitude of transversal and angular 
oscillations its trajectory is distorted and instantaneous velocity is changed markedly. 
Therefore in deciding on the coefficients of hydrodynamic derivatives (Table 8) it is 
appropriate to use Strouhal number in the form

(Ob
S K  = —  , (1.347)

Fig. 1.38. Comparison of the values of thrust coefficients calculated by the different methods. See text for details.
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where U  = ^ U l  +0) 2a 2 .

Such approach to the problem brings our data and results of works (Schehovtsov, 
1999; Zaytsev, Fedotov, 1986) into better agreement. The curve 4 (our data) differs

x
from curves 1 and 2 by 10 -  13% in interval 0.3 < — < 1.5 .

b
Good agreement between results of Zaytsev, Fedotov and Schehovtsov is doubted. 

Curve 1 is bound to position below that of curve 2 because the thrust of the finite span 
wing is less than that of two-dimensional wing. This is evident from Fig. 1 in the work 
of Zaytsev, Fedotov as well as from works (Lighthill, 1970; Chopra, Kambe, 1977).

Unlike the rigid wing used in the model, the fluke of a dolphin is elastic and of a half 
moon shape. Elasticity leads to deflection of the fluke under active swimming. The airflow 
of the fluke is different from the airflow of the rigid plane wing because of the elasticity of 
the dolphin’s fluke, which transforms the fluke into an arc. In (Katz, Weihs, 1979; Bose, 
Lien, 1989) it is shown that such deflection of the fluke gives the thrust a 20% decrease. 
The shape of the wing also influences the thrust. Work (Chopra, Kambe, 1977) deals with 
low amplitude theory of the motion of rigid wings of finite aspect ratio. These wings have 
different shapes of leading and trailing edges from straight to parabolic. They perform 
linear and angular oscillations. One of the wings is very similar in shape to the fluke of a 
dolphin. Analysis showed that such a wing produces a thrust that is approximately 12% 
stronger than the one of the rectangular wing when all the other conditions are the same.

1.4. Threshold values of the thrust and efficiency of dolphin’s and 
fishes’ propulsors estimated with the phase velocity of the locomotor 

wave striving to the velocity of body motion

The above formulas for estimation of energy and force parameters of animals’ 
swimming depend, in particular, on the relation between the values U and C. Moreover, 
it has been repeatedly noted that the positive thrust is only possible when С > Z7.lt is of 
interest to analyse how the thrust will change when С is striving to U (C —> U). As it 
follows from physical considerations the thrust in such cases should strive to zero. The 
same conclusion can be made more strictly if we turn to the formula for the efficiency 
derived by Lighthill from his theory of the thin body:

Л - f l  / ' - { i h f  + v 2( f ' f W )

4 * 2 (V-|V2((X77 ' <1348)'
V c J
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The formula yields that the denomination in the second term strives to zero at С —> 
U, while the efficiency strives to infinity. For the efficiency to remain limited (within 0- 
1), it ix necessary to demand that the numerator also strives to zero, the numerator being 
nothing else best the thrust multiplied by the swimming velocity.

In this way, if the theory is correct, at С —> U the thrust must turn into zero meaning 
if U Ф 0. Let us try to analyse the above theories of fishes’ and dolphins’ swimming 
from this point of view.

Let us begin with Lighthill’s theory. We shall again remind his expression for the 
thrust,

T  1 n A ( M d h ^ r A d h f
~2 \ J , ~ U Ц  ' <‘ ' 3 4 9 >'

Lv / V / J jc=z

and we shall accept the law of deformation as

(  A
h (x ,t)  -h0(x)cosco t -  —  . (1.350)

V W

Then we’ll write down in detail all derivatives comprising the relation (1.349):

dh (  x )
—  = - h aco sin ft) t  ,
*  C )

p / t  V  _  h 20(O2UJ= 2 ’
dh dhn (  x  \kco . (  x  )
-  = —  c o s f t ) ^ - - J  + ^ s m f t ) ^ - - j  (L351)

4dh V _  1 f  dh0 Y  h 20(O2

v dx p 2 y dx p 2С 2

By substituting the derivatives into (1.349) we shall get

2 у  2 2 ( dx ) xH U-JDZ)



94 Е. V. Romanenko. Fish and dolphin swimming

and finally, at U = C:

f  =  ~ p A ( l ) u 2( . (1.353)
4 ^ dx ) x=i

All quantities of the right-hand part of the expression (1.353) are positive and, hence, 
the thrust is negative.

It is not difficult to show and it is shown in § 1.2 that the theory of G. V. Loginovich 
gives such an expression for thrust which is similar to that of Lighthill (1.349). Hence, 
when С -  U the thrust is negative in this case too.

Now, let us estimate Wu’s expression for total thrust (1.177) at С —> U and the 
accepted law of body deformation (1.350). The first term coincides with the expression 
for thrust obtained by Lighthill (1.349). In this case it yields a negative value. The 
second term, when given the derivatives, regarding in the law of deformation at C - U ,  
will look as

1 \ \ ( d h \ 2 J  d h ) 2) дА 1 I f  2( d h 0) 2 dA \

“ 7 р ц Ы  ~ u  Ы \ & d x = 4 p l l u Ш  <L354)

dA
This expression is also negative, if we consider - that ~x~ < 0 in the section 0 < x <

dx
1. Hence, the general expression for thrust, obtained by Wu, is negative at С = U and the 
accepted law of the deformation.

Let us try to estimate the threshold value of the pull derived from the theory of the 
wing (1.244) when С = V. Believing that the law of deformation looks as (1.350), and 
bearing in mind

dh dh
(1.355)

we shall get

- _ 2 m* { x , ) j y h l  f  V) |  

л/А + 4  + 2 (  С y 

4 m * (x x)co2hl(  V )  4 m * (x 1)V2 Y (1.356)

(л/А2 + 4  + 2 ^ I  C )  (л/A2 + 4 + 2 jf V 9x у
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When V = С,this relation (1.356) looks as

— 4m  *  (x, V 2 f  д\YдддЫ' (i 357)
The pull proves to be negative, like in the previous cases.

We have estimated the threshold expressions for the pull and thrust obtained by 
solving some three-dimensional problems. Is it possible that the things differ when the 
problems to solve are two-dimensional? Let us verify it. To this end, we shall take Table 
3 from (Uldrick, 1968) and will sample some values of the thrust coefficient cT calculated 
for the profile with the relative thickness of e = 0.3 at two values of the wave number a  
-  n  and a  -  n il. This sampling is presented in Table 1.9. The first column gives the 
values of the reduced frequency.

In case a - n ,  the thrust coefficient CT should pass through zero at a  -  n. This value 
of the reduced frequency corresponds to the equation U -  C, and indeed, under such 
conditions we have

CO CO
a  =  o , -  =  - - > U = C .  (1.358)

By linear interpolation we can easily show that the thrust coefficient turns into zero at 
(j = 3.17 i.e. at a slightly higher vdlue than n. This is still more evident at a  = nil. In such 
case, the thrust coefficient should transit through zero at o=  1.57. In Table 1.9 the transit 
through zero occurs cr> 2 .

In this way, practically all of the existing theories on dolphins’ and fishes’ swimming, 
no matter which problems they consider, namely two-dimensional or three-dimensional 
ones, yield the negative value of thrust at U = C. It is true this concerns only the problems 
regarding the body thickness or body volume, in this or that extent. Some experiments 
were made to study how oscillating profiles with different thickness behave in the water 
flow at constant velocity. The experiments also yielded the reparative value of thrust at 
U = C. This should not take place in terms of physics. The thrust in such case should 
equal zero. The body is moving in the channel of liquid and U = C. There should be no 
reaction from the part of liquid. One can see a kind of paradox here which remains to be 
explained.

Table 1.9. Thrust coefficients. (Adopted from Uldric, 
1968). For explanations of variables, see text.

CJ CT 
(a= n)

Cr 
(a= nil)

1 -0.00267 -0.00206
2 - 0.00211 -0.00027
4 0.00149 0.00586
6 0.00765 0.01554
8 0.01627 0.02884
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There is still another case which has no obvious contradictions. We mean the case of 
the “anguilliform” swimming when the amplitude of the propulsive wave is constant 
within the body limits or at least, on the tail.

In this case, the threshold value of thrust in the above expressions

dhr)
= 0 (1.359)

OX

or

( d h M
= °- (1.360)y d x j x=l

and the thrust turns into a zero at U = C.
However, in reality there are neither dolphins, nor fishes, when the condition of the 

constant amplitude of the propulsive wave is fulfilled. The condition of (1.360), perhaps, 
is fulfilled but it is very difficult to verify it in experiments.

It is interesting to assess the threshold value of thrust when the law of deformation 
regards the phenomenon of “recoil” theoretically examined by Lighthill. Let us accept 
the law of deformation in the form regarding the phenomenon of “recoil” and offered by 
Lighthill

г ( / -j tYI
h = H(x)cos  со t H + [h{ + h3(l — x)]coscot + \h2 + h4( l - x)]sin cot. (1.361)

- V c  J-

Then let us compute the derivatives comprising the expression for thrust (1.349), so 
that we shall get

— = -coH(x)sin о  t + A x -co[h{ + h3(/ - x)]sin cot + co[h2 + h4(/ - x)]sincot, 
dt (  сJJ

dh dH f/ - * Y | coH(x). [ (  / - x 3 l  , , . (1.362)
— = — cos со t +------- + ---  sm со t +-----  -  h, cos cot-h, sin cot.

dx dx ( I  c  ) \  С (  С JJ

Substituting these derivatives into (1.349) and averaging them in time, at U = С and 
x = I we shall have
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\ ^ ( h f  + 0 ) - C - ^  + h;)+ co2H h ,-

T = - p A ( l )  1 , 2
2 С  (ЭЯ Y | U %  ( д н  Л| иы Ш ц  (1.363)

2 ( Эх J 2 ( Эх у 2

This expression contains several terms, sign in which is hard to determine because 
they include the values h {; /г2; h3 and й4, so far unknown. They can be found only in 
experiments with animals. Nevertheless, this is a possibility to turn the thrust into zero 
when U = C. Thus the expression in brackets in its right-hand part (1.363) should turn 
into zero.

In this way, the phenomenon of “recoil” generally speaking, may include the above 
contradiction. However, there are also some other possibilities but they will be discussed 
later.

1.5. Evolution of fish locomotion function: whether it was influenced
by the sound factor

In the process of the evolution the lowest aquatic vertebrates acquired the undulate 
mode of motion. Most species flex their body in horizontal plane and only few bottom 
dwelling species of fish such as skate and plaice flex their bodies in vertical plane. But 
the ancestors of these fishes swam as other fishes and their larvae swim this way. 
Therefore this way of swimming is a secondary development. What were the reasons 
for it to appear? There is a possible explanation given by acoustics.

Water, the natural environment for water vertebrates, is a good conductor of sound, 
and an oscillating fish body produces acoustic wave of low frequency or infrasound. 
The efficiency of sound emission depends on such characteristic of the generator as the 
orientation of the plane of oscillations and the position of the generator in relation to the 
surface of the water and the bottom (i.e. the boundaries of the medium).

The oscillating body of a fish can be considered as an acoustic dipole (depicted as an 
arrow): vertical for skates and plaies and horizontal for other fishes (Fig. 1.39). In any 
case the acoustic waves propagate through water and reaching the boundary of the 
substances reflect from it. For the fishes, which swim in the upper layers the nearest 
boundary is the surface of the water, and for bottom dwelling fishes such boundary is 
the bottom. In the first case the wave is reflected from the boundary, which separates the 
more dense medium (water), from the less dense medium (air), and in the second case 
the boundary separates the less dense medium (water) from the more dense (bottom). 
When one calculates the total efficiency of the acoustic radiation the reflected waves 
can be displaced by additional (virtual) acoustic dipoles in the endless mass of water.
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Considering dipoles one can see that at the two different boundaries the medium the 
virtual dipoles are oriented in the opposite directions, and the total efficiency of the 
acoustic radiation is equal to the sum of the fields of both real and virtual dipoles. As 
the dipoles (both real and virtual) have the same direction (vertical dipoles near the 
surface and horizontal ones near the bottom) the mutual acoustic field will be equal to 
the sum of the fields of both dipoles. At the same time near the surface horizontal 
dipoles have different orientation, and so do vertical dipoles near the bottom. Therefore 
their mutual field is equal to the difference of their fields. So near the surface the fishes

Fig. 1.39. A schematic representation of the acoustical pattern.
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with the horizontal plane of oscillations radiate less sound than the fishes with the vertical 
plane of oscillations.

Let us discuss a mathematical model of the tail fin as a generator of acoustic waves. 
We have already mentioned that the oscillating fin can be considered as a dipole. The 
combination of the main dipole and the “reflected” dipole is called quadrupole. If the 
moment of the main dipole is parallel to the reflecting surface quadrupole is transverse, 
if the moment is perpendicular to the reflecting surface quadrupole is longitudinal.

We set up a model of a transverse quadrupole in case when the reflecting surface is
the boundary between the water and the air. (See figure 1.40).

The pressure field of the main dipole is given by (Skuchik 1976):

= f  l + J - V v " ,  (1.364)
r  ̂ jk r  ) 

while the field of the reflected dipole is given by:

P2 = в - c ° s e  J  1+ — - 2 - —  1 - * ™ '“» * ' ” , (1 365)
r + d  c o scpy j k ( r  + d  coscp) J

where P and P2 are the acoustic pressure, г is the distance between the quadrupole and 
the viewpoint, к = 2n/X is the wavenumber, X is the length of acoustic wave, oo=2nf,f is 
the frequency of the oscillations of the tail, j  -  imaginary unit, в  -  the angle between the 
У-direction and the direction to the viewpoint, cp -  the angle between the Z-direction and 
the direction to the viewpoint, d/2 -  depth of the main dipole, and В is given by:

Fig. 1.40. A schematic representation of the transverse quadrupole under conditions when reflective 
interface is the demarcation line between the atmosphere and water.
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Fig. 1.41. A diagram of the sound directivity of 
the transverse quadrupole under conditions when 
reflective interface is the demarcation line between 
the atmosphere and water.

Зк Т7
B = -  —  comV0, (1.366)

4 71

where т is the virtual mass of the tail, VQ-th e  velocity of the particles of the liquid in the 
direction of oscillations. The time -varying terms can be omitted from the expressions 
(1.364) and (1.365) as they do not influence the calculations. We are interested in the 
so-called nearest field, i.e. the field of the quadrupole at the distances much less than the 
length of the sound wave. In this case:

kr «  1. (1.367)

As the dipole components of the transverse quadrupole have opposite directivity the 
resulting field is equal to the difference of fields of its components. Taking into account 
(1.367) we obtain:

P' ~ P'- =  \ T ~  j* (r  + d co S«>)J ) COSe' (1368)

We omitted the first members in the brackets in the expressions (1.364) and (1.365) 
and also replaced the exponential functions by 1 according to (1.367). After some alterations 
we obtain:
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f  \

P - P  = 1 __________________ 1

' 2 j k r 2, d  d 22 d - 369)
1 + 2 — cos (pн—  у  cos

(  r  r 2 )

After we put over the common dominator:

(  d  f n dV j—cos (p2 + —cos
p  -  P  = в  cosd_  L  I—

1 2 jkr2, d  d 22 ' (1.370)
1 + 2 —cos<p + —  cos (p

r  r\  J

This expressions are true for any r and d under the condition (1.367). But if the distance 
between the quadrupole and the point of view is much bigger than the depth, i.e.

r » d ,  (1.371)

the expressions (1.370) can be simplified:

„ „ 2  )Bd cos (p cos в
F ~ Pi = ~ L C r  • (1.372)

k r

For the amplitude value one has:

i„ „I 25r/ cos cp cos 9
Г - Р 2 = -  - “ Г Г  • (1 --373)kr

In order to find the maximum of directivity diagram we put cp = в  = 45°(Fig. 41). In 
this direction the amplitude of pressure is equal to:

In n l Bd
И ё Л | = д т - (1.374)

Now let us discuss the case of the longitudinal quadmpole, which describes vertical oscillations 
of the fish tail, when the fish is swimming near the surface (see fig. 1.42). The pressure field is 
given by (1.364). The field of reflected dipole differs from (1.365) and is given by:

COS 0  (  1 ^  - j k ( r + d c o s e )
P2 = B  1 + --------------------- e JK . (1 375)

r  +  d c o s d y  j k ( r  +  d cos0 ) J
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The difference is: cp = в.
The total field can be presented by the following expression:

e ~ j k r  ^ - j k r  g - j k ( r + d c o s O )  ^ - j k ( r + d c o s O )

P\+P2 = Bco s0  -----+ ~T~j + — —,-----F  + T77—  ------  (1-376)
r jk r  r + d  cosdjkyr  + d c o s Q)

Let us consider the nearest field, where the condition (1.367) is true. After some 
alternations we obtain:

( d d2 Л n n 2 + 2 — c o s0 + —r cos20 _  Bcos в  Lr 2
1 2 j k r  2, Л  d 22 ‘ (1.377)

1 + 2 — cos в  + — Tcos в
rr2

Fig. 1.42. A schematic representation of the longitudinal quadrupole under conditions when reflective 
interface is the demarcation line between the atmosphere and water.
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For the distances, where (1.371) is true the expression can be simplified:

25  cos 0 
C-378)

The amplitude of pressure is given by: 

i 25  cos 0
| ^ + A l  = • (1.379)

Therefore maximum of the directivity diagram for the quadrupole radiation occurs when 
9 = 0 (Fig. 1.43a,b). The final expression for the amplitude of pressure in case of maximum 
can be expressed as follows:

\p  +  p \ =  —
' '  л  к г '

(1.380)

Let us compare the fields of pressure for the 
transverse quadrupole and longitudinal quadrupole 
near the boundary of the water and the air.
Pressure amplitude ratio is found to be:

l^i A l _ r

\P{ -  P2\ d

(1.381)

This expression shows that the farther the 
viewpoint from the source of radiation and the 
nearer the source of radiation to the water surface 
the bigger the value of the amplitude ratio is.

Near the bottom the situation is quite the opposite: 
the radiation of the transverse quadrupole is more 
intensive than the one of the longitudinal quadrupole.
Let us show it. The scheme of transverse quadrupole 
near the solid reflecting surface (bottom) is given in 
fig. 1.44. The pressure field of the main dipole is 
given by expression (1.364). The field of the reflected
dipole is given by (1.365). As the moments of both dipoles have the same orientation, the 
mutual field is equal to the sum of the fields of single dipoles.

Fig. 1.43. A diagram of the sound directivity 
o f the lon g itu d in a l quadrupo le  under 
conditions when reflective interface is the 
demarcation line between the atmosphere 
and water.
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Fig. 1.44. A schematic representation of the transverse quadrupole under conditions when reflective 
interface is the demarcation line between the water and the bottom of the water bodies.

fo  o d  d 2 2 )
K rnsfl 2 + 2cos cp H y cos (p

P_ Д  COS O r  r __________

1 2 j k r2. d  d 2 2(1-382)
1 + 2—  cos(p + -^-cos

r r

In case the additional condition (1.371) is true, we obtain from previous expression: 

n n 2 5 c o s 0
P- +P> =— ^ -  (1-383)

The condition of maximum is the same as it was for the expression (1.379): 0 = 0. The 
absolute value of the amplitude of pressure is given by:

И  +  П  h f j -  (1.384)

The scheme of the longitudinal quadrupole in the presence of solid reflecting boundary 
(bottom) is shown in fig. 1.45. In this case the field of longitudinal quadrupole is the 
difference of the fields of the dipoles:
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Fig. 1.45. A schematic representation of the longitudinal quadrupole under conditions when reflective 
interface is the demarcation line between the water and the bottom of the water bodies.

d  S '  dЛ  Л
— cos в2л— cosh

p  -  p  _  ftCO S 0   Г  [  _ r  j _

1 2 J k r  , d  Q d 2 2 ' ( 1 . 3 8 5 )
1 + 2 —COS0 + —yCOS в

(  r r

When the additional condition (1.371) is true we can simplify the expression to the following: 

„ „ 2 Bdcos2 в
Р . - Г — - Г -  (1386)

It follows from expression (1.386) that the maximum of the directivity diagram occurs 
when 0 = 0 , and the directivity diagram is narrower than it was in the previous cases.

It would be interesting to compare the levels of radiation of the longitudinal and 
transverse quadrupoles near the surface and near the bottom. In the first case the relation 
of the level of the weaker radiation of the transverse quadrupole to the level of more 
intensive radiation of longitudinal quadrupole is obtained by:

|#i — P2\ d

И Т + Г 7 - (1 3 8 7 )
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In the second case the relation of the level of the weaker radiation of the longitudinal 
quadrupole to the level of the more intensive radiation of the transverse quadrupole is 
given by:

l î — ^21 d
= a - 388)

While comparing expressions (1.387) and (1.388) we may notice that the difference 
in the radiation of the longitudinal and transverse quadrupoles near the surface is two 
fold bigger than near the bottom. Either way the farther the viewpoint from the source, 
the more is the difference in the radiation level.

In order to understand the biological function of acoustic waves radiated by fish it is 
necessary to take into account so-called near field, which occurs in the distances much 
smaller than the length of the acoustic wave, i.e. several meters or dozens of meters. 
While moving near the bottom plaices and skates radiate almost no sound, but the fish 
with horisontal plane of oscillations generate intensive acoustic waves. What is the 
advantage of soundless swimming? It seems that such way of locomotion can be a specific 
way of coverage. Of course if a plaice or a skate swam near the surface the predator 
would hear them much better, and the same for the ordinary fish if it swam near the 
bottom. There is a numerical evaluation of the acoustic field. For a fish of 5 -10  cm in 
length swimming at a depth of 0.5 m the value of the acoustic field at a distance of 5 m 
is of order 10~9 Pa (for vertical oscillations) and of order 10~10 Pa (for horizontal 
oscillations). According to V. R. Protasov such values are distinctive for the hearing 
sensitivity of the fish with sound bladder. If we assume the hearing sensitivity of a predator 
equal to 10~10 Pa, near the surface it should hear the fish with horizontal plane of oscillations 
at a distance of 5 meters, and the fish with vertical plane of oscillations at a distance of 
20 meters. Near the bottom the situation changes, as the radiation of the vertical dipole 
is weakening because of the reflection from the solid bottom, and the radiation of horizontal 
dipole is increasing.

These speculations lead to the conclusion, that in the presence of predators the sound 
is one of the evolutional factors. This factor could have been decisive for low vertebrates 
to evolve the way of swimming. To evolve the ability to swim by horizontal oscillations 
of the body they had to live in the upper layers of the water basins. This requirement 
does not contradict the modern data on the origin of life, according to which the upper 
layers were the richest in oxygen and warmth.

It seems natural that the ancient aquatic animals could bend their bodies in different 
planes unlike most of the modern fishes, which can bend their bodies only in horizontal 
plane. As the time went by the animals, which moved loudly, were exterminated by 
predators, and only the most quiet, moving by horizontal oscillations of the body, could 
survive.
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Unfortunately there are not any paleontologic evidence of animals which were able 
to make undulate oscillations in different planes. The method of comparative morphology 
also gives no evidence that the low vertebrates had different forms of locomotion. There 
is only one exception: lancelet, whose larva reminds the plaice by its form and the way of 
moving.

There are some doubts about the correctness of this hypothesis as there are some 
species of skates, which live in the upper layers of the ocean, and there are some bottom 
dwelling fishes (gobs, sea hens, rockfishes) which move by the oscillations of their 
bodies in horizontal plane. But after deeper consideration one should admit that they do 
not contradict the hypothesis for the role of the sound as a factor of evolution. In fact, 
most of the pelagic fishes flex their bodies in horizontal plane and the fishes which flex 
their bodies in vertical plane are mainly bottom dwelling. And what is more, most of the 
fishes whose way of swimming does not agree with the hypothesis are either predators 
(rockfishes) or have special means of defense like poison bearing pikes or protective 
coloring and thus they do not need to swim quietly.

Brief conclusions

Analysis of the theoretical models of swimming showed that till now there is no 
model, which can express fully enough kinematical and hydrodynamic features of fish 
and dolphin swimming. Partly this can be explained by shortage of experimental data. 
There are some advanced models of dolphin swimming (Chopra and Kambe, 1977, Zaytsev 
and Fedotov, 1986 and our model described above), but they do not reflect in full the 
features of the tail fin operation. It is necessary to develop further experimental researches 
and to create on this base more advanced theoretical models.
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CHAPTER 2. THE LAW OF BODY DEFORMATION IN 
ACTIVELY SW IM M ING FISH OR DOLPHIN

Mathematical approximation of the propulsive wave in an actively swimming dolphin 
is vital for estimations of energy and force parameters of the animal’s swimming. 
Mathematical approximation should sufficiently well satisfy all of the main kinematic 
parameters of swimming.

2.1. Analysis of the existing hypothesis of fish or dolphin body
deformation law

Up to now there are not any reliable data on the law of deformation of the body of 
actively swimming fish or dolphin. Various researchers believed different analytical 
functions to be the best approximation of this law. In particular, Siekman (1962) 
considered that the function

y(x , t )  = (c0 + с{x  + с2x 2)cos(cot -  kx), (2 .1)

describes the deformation law of the fish body best. Here с , с and c2 are constant 
coefficients, к = col С is the wave number, со is the circular frequency, /  is the cyclic 
frequency, t is the time. С is the fixed phase velocity of the propulsive wave spreading 
along the animal body from its head to its tail. The values of the constant coefficients are 
c0 = 0.023, c = 0.042, c2 = 0.034.

Kelly (1961) gives another numerical values of the coefficients (for a swimming 
salmon): cQ = 0.016, c = 0.028, c2=0.035.

Log vino vitch (1970b) (as a rough approximation of the law of body deformation of a 
swimming fish) uses the function

(  x  - x )
V = Vo sin ft) t - ^ —  , (2 .2)

V J

Here rj and rjQ are the amplitudes of bias of the some point of the body and of the tail 
correspondingly.

Kozlov (1983) (as possible variants to approximate the law of body deformation of an 
actively swimming fish) considers the following functions:

x ? m x  . (  Ct  x2 -  x )
V = V 0 — — sm- —  (2 .3 )

4  V b J

and
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Л  X ,  -  X  . (  Ct  х, -  х 3 
Л ~ Лоsm - Д —  sin[ — J, (24)

L - t -  <2-5)

Here п is the number of wavelengths that go along the fish body, Lp and L represent the 
body length measured in the absolute units and in the units of locomotive wavelength 
correspondingly.

But functions (2.2) -  (2.4) do not take into account at least one obvious feature of 
fish swimming. This feature is oscillation of the forepart of the body that amounts to 20 
-  40% of the amplitude of the tail oscillation. Besides, the choice of function is not 
based on any experimental data.

Such variety of functions proposed as possible laws of the swimming fish body 
deformation indicates lack of reliable experimental data on kinematics of this animal.

The laws of deformation of the body of actively swimming dolphins (Phocoena 
Phocoena L. and Delphinus delphis L.) is proposed by Semyonov, Babenko and Kayan 
(1974):

f  x )
A  =  \ e  cos ft) t - — . (2 .6 )

V c

Here A is the vertical bias of some point of the body, x is the distance along the body, t is 
the current time, С is the fixed speed of the locomotive wave propagation along the body, 
со = 2Ttf is the circular frequency, An is the amplitude of the transversal oscillation of the 
head part of the body, /3 is the factor that characterizes the growth of the oscillation 
amplitude along the body from head to tail, which depends on the speed of the movement. 
Lighthill (1970) proposed the similar expression for the fish movement description.

But it is easy to show that /3 is not an independent parameter of the animal movement. 
It can be evaluated on the account of the boundary condition of the body oscillation 
problem. Indeed, we have in the point x = 1

A = V * .  (2 -7)

Up to now we have not taken into account the time factor. Here / is the dolphin body 
length. Hence we can conclude that
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<2-8>

If we insert this expression into above mentioned one, we obtain

л J a Y  f  -OA  = A„ —  cos со t  . (2.9)
A CV )  V c  )

From this expression one can conclude that the rate of the oscillation amplitude growth 
along the dolphin body is unambiguously defined by the relation of the amplitudes of 
the nose oscillation and of the tail oscillation, which does not seem very likely. 
Lighthill (1970b) proposed the following law of deformation of the body of actively 
swimming mackerel:

Г f  1 - x X  
h {x ,t)=  H ( x )cos со t H +

L V C J-l (2.10)
+ [/Zj + Jij (/ -  x)]cos cot + [/r, + h4 (/ -  x)]sin cot,

where h , h2, hv h4 are constant. The amplitude function Il(x) is not explicitly defined 
here. We think this form of the law of deformation is the most applicable for description 
of fish swimming. First, it takes into account “recoil” unlike the other variants. Second, 
under the certain values of the constant h , h2, hv hA it can provide the zero thrust when
C—>U and exclude the contradiction mentioned above. However, in order to use this law
of deformation, we must explicitly specify the amplitude function of the propulsive wave 
generated with muscles and define the values of coefficients characterizing the “recoil”. 
It is rational to define the amplitude function like

H{ x )= hl0 K n - l  + e ' Y  . (2.11)

Here Kn= hiiQ/ h iff hii0 is the amplitude of the tail edge bias under the absence of the 
“recoil” condition, hn0 is the amplitude of the head (tip of nose) bias under the same 
condition, / is the fish body length, yis the exponent that characterizes the power of the 
wave amplitude growth, a  is a coefficient.
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This amplitude function (2.11) includes all possible variants of the monotonically 
increasing function. Finally, the law of deformation of the mackerel like fish body can be 
written as

Г у  T  ]

h ( x , t )  =  hl0 K n - 1  + e 1 cos (cot -  k 0x ) +
L J (2 .12)

+ + h3x )  cos cot + (h2 + h4x )sin cot.

In this case the point of the coordinate origin coincides with the tip of the nose, x-axis 
goes from the head to the tail. Here kQ = co/CQ, C(l is the speed of the propulsive wave, 
generated with muscles. It is a constant value under the constant speed of animal 
swimming. All parameters of the expression (2.12) can be defined experimentally.

2.2. Comparison with experiment

There are several experimental works containing the comprehensive data on the fish 
kinematics. They are of Bainbridge (1963), Videler and Hess (1984), Hess and Videler 
(1984), Videler (1993). In the first of these works there are data on kinematics of the 
three fish species: the roach (Leuciscus leuciscus), bream (Abrcunis brama) and goldfish 
(Carassius auratus). The author carefully measured the amplitudes of bias and speed 
of the propulsive wave at six points of the fish body. To be more exact, it was not the 
speed, that he measured, but the wavelength. However, when the wavelength is known, 
we can calculate the speed easily. The work of Bainbridge contains all the data, which 
are necessary to define the unknown values in the deformation law expression (2 .12), 
and thus it makes possible to examine the adequacy of this law to real fish kinematics.

The values of bias of different points of body for the roach, bream and silvery crucian 
during active swimming are shown in fig. 2.1

The data on the locomotive wavelength are gathered in table 2.1 in the same order.
The amplitude and phase functions for the pollack and mackerel are adduced in the works 

of Videler and Hess (1984), Hess and Videler (1984) and shown in figures 2.2 and 2.3.
In paper (Grillner, Kashin, 1976) there are the data on the amplitude functions of 

three more fish species but there are no information about the respective lengths of the 
propulsive waves on their bodies, those data are given in Fig. 2.4.

When analysed, the data from Fig. 2.1 2.2 and 2.4 demonstrate that in most cases the 
amplitude function is characterised by the presence of a minimum at the distance of 
about 0.3/ from the nose tip of the fish. The minimum may be more or less deep and 
sometimes it may be completely absent, as shown in the curve 1 in Fig. 2.4. It means that 
the phenomenon of «recoil» in different fishes is manifested differently.
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Fig. 2.1. The amplitude function of the lateral movements at six positions along the length of the body of a 
goldfish (1), bream (2) and dace (3) swimming steadily. (Based on data by Bainbridge, 1963).

1
x, m 0 0.048 0.095 0.14 0.208 0.25

A, > m 0.141 0.147 0.16 0.15 0.155 0.155

2
X, m 0 0.04 0.072 0.133 0.162 0.19

A,, nr 0.125 0.125 0.116 0.115 0.12 0.115

3
x, m 0 0.03 0.064 0.096 0.126 0.16

A„ m 0.115 0.115 0.116 0.11 0.113 0.115

Table 2.1. Length of propulsive wave (IJ for a dace (1), bream (2) and goldfish (3) along a body (x). (Adopted 
from Bainbridge, 1963).

As to the length of the propulsive wave, according to the above data, it is practically 
constant within the limits of the fish body. Hence, in this case the real velocity of the 
propulsive wave in its first approximation can also be regarded as a constant value.

Fig. 2.5 schematised experimental amplitude function of an actively swimming fish 
with all the necessary symbols. hn and ht are the amplitudes of shift in the nose tip and
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Fig. 2.2. The amplitude function of the lateral 
movements of the body for ‘average’ saithe (1) 
and ‘average’ mackerel (2) swimming steadily. 
(Redrawn from Videler and Hess, 1984).

Fig. 2.3. The phase function  o f the lateral 
movements of the body for ‘average’ saithe and 
‘average’ mackerel swimming steadily. (Redrawn 
from Videler and Hess, 1984).

the tail respectively as measured experimentally; b . and li are the positions of the1 J 1 J 7 nun nun r

minimum of the amplitude function and the amplitude of shift in the minimum: bQ0 is 
chosen as equal to 0.42/ according to Ligthhill’s theory of «recoil». Then /i(|() is determined 
by the experimental amplitudinal function for this point. All of the above values are 
regarded to be known.

Fig. 2.4. The amplitude function of the lateral movements of the body of a Anguilla vulgaris (1), Cyprinus 
carpio (2) and Myoxocephalus sp. (3). (Redrawn from Grillner, Kashin, 1976).
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Fig. 2.5. A schematic sketch of the amplitude function of the lateral movements of the active swimming fish.

The unknown values in the expression (2.12) are those of kQ, hn h , a , g, h , h2, h} and 
h4. To determine them unambiguously, it is necessary to have nine independent equations.

To derive first equation, we shall write down separately the amplitude function of the 
wave generated by muscular contractions, namely

h “f-T
H (x ) = h, f ~ l  +  e  ' . (2.13)

When x  = I, we shall have

l = \ ~ l + ea ' (2Л 4)

Hence we shall get

(  h Л
a  = In 2 ~ ■ (2.15)

V ' J

The second and the third equations will be derived from the condition when x = bQ0 
(on the axis of yawing)

(/г, + h3b m )cos cot + (h2 + h4b0„ )sin cot =  0. (2.16)

Therefrom we shall get

h\ = - h 3bm (2.17)
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and

h2 = - h 4b00. (2.18)

Let us rewrite the law of deformation with regards of the relations (2.15), (2.17) and 
(2.18). We shall have

h f h { %
h(x, r)  = ht —  - 1 + 2 — -  cos ( c o t-k 0x )  +

h, h,
^ J (2.19)

+ h3 (x  -  bQ0 )cos cot + h4 (x -  b00 )sin cot.

In this form the law of deformation contains six unknown values. Let us make use of 

h (  h
H ( x , t ) =h ,  - ^ - 1 + 2 - - p -  (22Q)

' V '

and the formula from trigonometry for the difference cosine between two angles.
Then it is possible to write

h(x,t)=H(x)coscotcoskpc + H(x)smcotsmkpc +

/г3(х— b()Q)coscot + h4(x—  b ^s in co t  (2 .2 1 )

or

h (xj) = [H(x)s\nkisx + h4(x—  b(Klj]sinw/ + [U(x)cosk(]x  +/?3(x -  ri(K|)]cosoJ/. (2.22) 

The last expression is convenient to write as

li{x,t) = h(x)sin(cot +a), (2.23)

where

h (x ) = л/ [ я  (x )sin kyX + h4 (x -  b0Q)]~ + [// (x)cos k()x  + h3 (x -  bm )p (2.24)

and
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Н  (х  )cos кпх  + /г, (х  -  Ьпп)
а  = arctg — у , -------0 А - Ч . (2 25)

Н  (x)sin к0х  +  h4 (х -  Ьт ) 9 ' '

Such form of presentation facilitates the composition of the remaining equations necessary 
to determine the unknown parameters. With x = 0, from (2.20) and (2.21) we shall get

К  = л/ЛАю +[/г„о -А Л оГ - 2̂-26)

With х = b00 from (2.20) we shall get

Г Ih I h i 1 
h = h  — - 1 +  2 -  —

П> h h ■ W )
‘  v  * J

With x = /, from (2.24) we shall get

h ; = [hl0 sin k 0l + h4 (I -  b00 )]2 + [hl0 cos k 0l + h3 (/ -  b 00 )]2 . (2.28)

With x = b , we shall similarly havenun J

Km  = \H [b min )sin k0bmin + h4 (bmin -  bm )f  +

+ [H  (bmin )cos k0bmin + A3 (bmin -  b0о j f . U '“9)

The two other equations, which are still lacking, may be derived from the equation of 
the phase. The latter can be written as

cot +  cc =  (p0 =  co n st. (2.30)

Upon its differentiation in time, we shall have

da  dx
<231>

Therefrom we shall have 

dx _  £  _  co

dt ' (2.32)
dx
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Here С is the phase velocity of the real propulsive wave propagating along the fish body 
during its motion. This is the very velocity, which can be measured experimentally or 
calculated by the results of the length measurements of the real propulsive wave.

d a
Hence, the value ~  (with the negative sign) is nothing else but the real wave 

dx
number к (unlike the wave number kQ of the muscular propulsive wave). 

d a
The value ~ x— is easy to obtain from the relation (2.25) to 

dx

H 2 (x)k0
c)H (x)

dx
( х - Ь 00) - Я ( х )

д а  _

dx h 2(x)

H  ( x \ x  -  bm )k0 [h3 cos k0x  + h4 sin k(jx] 

h 2(x)

[}h sin kQx  -  hA cos k 0x]

(2.33)

With x = 0, we shall have

' K K  ~ hnhA + hnbmk0h3 = к =  2 л
h 2(x) A,,,v= 0

(2.34)

Here, A is the measured length of the propulsive wave at the point x = 0. In the same 
way we shall get

‘ 00 A'x=b„
(2.35)

when x  = bM.
However, regarding the equation (2.16), we can write

fy)o = H  (Poo )•

Then we shall finally have

h3 sin k{)bm -  h4 cos kQb00 2n
- k0 +

h00 A.
=*nr

(2.36)

(2.37)
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So, we have obtained nine independent equations, namely (2.15), (2.17), (2.18), (2.26) 
- (2.29), (2.34) and (2.37), to determine nine unknown values. An attempt had been 
made to solve this system of equations but it came out that it was impossible to reach 
good agreement between the calculated functions of the amplitude and the velocity of 
the propulsive wave, on the one hand, and the measured ones on the other hand. This 
phenomenon is illustrated in Fig. 2.6 and 2.7.

Fig. 2.6 compares the calculated and the measured values of the amplitudes of the 
shifted points in case of a dace. Fig. 2.7 compares the calculated and the measured 
values of the phase velocity of the propulsive wave. One can see that with the good 
agreement between the amplitudinal functions there is a considerable divergence between 
the functions of the wave velocity. It is possible to get a solution when there will be a 
good coincidence between the calculated and the measured values of the wave velocity 
but then there will be a large divergence between the existing amplitudinal functions. It’s 
impossible to get simultaneously agreement between the amplitudinal functions and the 
wave velocities. Similar results of comparison between the calculated and the measured 
parameters were also obtained for a bream (Figs. 2.8 and 2.9). It testifies to the fact that 
the law of deformation as presented in (2.12) is not satisfactory to reflect the real processes 
in fish swimming.

Fig. 2.6. The amplitude function of the lateral 
movements of the body for a dace. 1 -  theory on 
the assumption that phase velocity is constant, 2 - 
theory on the assumption that phase velocity is not 
constant, 3 -  experimental data. (Based on data by 
Bainbridge, 1963).

Fig. 2.7. The phase velocity function of the lateral 
movements of the body for a dace. 1 -  theory on 
the assumption that phase velocity is constant, 2 - 
theory on the assumption that phase velocity is not 
constant, 3 -  experimental data. (Based on data by 
Bainbridge, 1963).



120 Е. V. Romanenko. Fish and dolphin swimming

2.3. Propulsive wave phase velocity. Dependence on the location

In the work (Romanenko, 1980a) there was given a hypothesis that the phase velocity 
of the propulsive wave of the dolphin body depends on the co-ordinate. This hypothesis 
got the tentative verification in the experiments on dolphins (Romanenko, 19807). As for 
fishes, the above cited Bainbridge’s work (1963) attests that the factual velocity of 
spreading of the propulsive wave along the fish body is constant. But according to Lighthill 
the body of a fish is involved in two simultaneous motions: the first one is generated by 
muscular system and the other is the yawing due to recoil effect. The propulsive wave, 
which is the sum of the two motions, is observed in experiments. The phase velocity of 
the muscular propulsive wave of fish body may depend on the co-ordinate. But the 
yawing motion compensates this dependence and it results in constant or almost constant 
velocity of the propulsive wave. Actually some authors (Hess, Videler, 1984; Videler, 
Hess, 1984) show that some fish (saithe, mackerel) propulsive wave speed depends on 
coordinate. Fig. 2.10 shows that saithe and mackerel propulsive wave speed function 
calculated on data base of fig. 2.3 with the help of the formula

C (x) = — . (2.38)
A t

Fig. 2.8. The amplitude function of the lateral 
movements of the body for a bream. 1 -  theory on 
the assumption that phase velocity is constant, 2 - 
theory on the assumption that phase velocity is not 
constant, 3 -  experimental data. (Based on data by 
Bainbridge, 1963).

Fig. 2.9. The phase velocity function of the lateral 
movements of the body for a bream. 1 -  theory on 
the assumption that phase velocity is constant, 2 - 
theory on the assumption that phase velocity is not 
constant, 3 -  experimental data. (Based on data by 
Bainbridge, 1963).
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Fig. 2.10. The phase velocity function of the lateral movements of the body for ‘average’ saithe (1) and 
‘average’ mackerel (2) swimming steadily. (Converted from fig. 2.3.).

This formula can be get from the phase equation

0)\t -  T(x )] = const. (2.39)

Upon its differentiation in time we shall have

дт dx
‘ - & Э Г 0 - (2-40)

We can designate

f r  = C M .  (2.41)

Then

C (x )=  . (2.42)
At
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The analysis shows that we can achieve tolerable concordance between the theory 
and the experiment if we present the dependence of the phase velocity of the propulsive 
wave in the form

С = C, [l + aQ (l -  e ~b°x)] (2.43)

for fishes with small yawing motions (as roaches) and in the form

С = С, [l + a0 (l -  e~'v  ) r v  | (2.44)

for fishes with large yawing motions (as breams). Here С is the phase velocity at the 
head region, a0 and b() are the coefficients, which characterise the varying of the velocity. 
Generally speaking, they can be positive or negative. Such notation with only two arbitrary
constants describes the wide class of dependencies. This class includes the constant
velocity of the wave when aQ—> b0—> 0, the linear dependence on co-ordinate when aQ 
Ф0, £>0 —> 0, and more complicated dependencies when a0 Ф 0, b0 Ф 0.

Dependence of the wave phase velocity on the coordinate denotes dependence of 
the wave number kQ on the co-ordinate. In this case the deformation law (2.12) and 
(2.19) can be written as

h(x  ) =  H  (x  ) cos[tx« -  k (x  )x  ] +

+h3(x -  b00) cos cot + h4(x  -Z t00)sinct)f, (—45)

where H(x) looks like (2.20)
We shall define the kind of the dependence k(x) with phase equation

cot -  k (x ) x  = cp{) = const. (2.46)

Differentiation of this equation with respect to time gives

д к ( х ) дх / ч dx
CO —  x - k ( x ) —  = 0 .  (2.47)

dx dt dt

In this equation

ft=C(x)- (2-48)

Substitution of (2.48) in (2.47) gives the differential equation to define k(x)
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со -  с (.X )х -  к (х  )С (л-) = 0 . (2.49)

The solution of the equation for the dace looks like

* М = - йУ ^ 1 « М ^  <2-50>x(l + a {) p 0 e  0

and for the bream looks like

k (x )  = k{) ln(l + a 0e~b°x -  a0e~2h°x )+
2  b0x

K ao i W4 aо +«o -  ao + 2aoe~b°x) \ F ao + k  ~ ao ) , (2.51)-1-------------------- - In-hj   —-------------------Л / I  ̂ S+ kg,
2b0Xy]4ao + al uMY) + al  + ao ~ 2GA V j\v 4ao + ai) + ao)

where

Y = — • (2.52)

Finally, the deformation law in the discussed case looks like (2.45) with k(x) defined 
by equations (2.50) when the amplitude functions are the dace-like ones and (2.51) 
when the amplitude functions are the bream-like ones.

Let us examine, whether this deformation law gives us a good accordance between 
the experimental amplitude and phase functions and the corresponding calculated 
functions. But first let us correct the set of equations, which gives the values of the
deformation law parameters. Accounting the dependence of the phase velocity on the
coordinate, which adds two more unknown parameters a and b, we get the complete set 
of equations. The equations (2.15), (2.17), (2.18), (2.26), (2.27) and (2.34) remain the 
same. The equations (2.28), (2.29) and (2.37) become

к  = [ht0 sin cp(l)+ h4 (l -  b m )]2 + [/7,() cos cp(l)+ h3 (/ -  b00 )]2, (2.53)

кип = iH (Кш )sin viKn)+к  {к,, -  к  )Г +
+ [H (Km )cos<p{bmin)+ Aj(bmill -  b00 )]2, (“ '54)
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ckp(b0о) h3 sin (p(b0Q) -  hA cos (p(b0Q) _  2 л

*  + к  ~ T T ’ l l 5 S >00 x=bm

here

cp(x) = k ( x ) x .  (2.56)

Besides two new equations appear because now we have eleven (not nine) unknowns. 
One of these equations we get from the formula of the amplitude function like (2.24) 
which accounts the dependence of the wave number on the coordinate at the point of 
minimum

dh _
~z~ -  0 under x = b . (2.57)
dx 9

If (2.57) is expanded then

H  Y " '  Y / / Y " ' ' > +  д Н ^ х "  ^ ~ b ™ ) + H ( b " u „ )  К s i n  Ф „„■ „ ) +  К  c o s ( p ( b m in ) ] +

d \  ) (2’58)
+  H  ( b „ u „ )  ( P d p "  ( b ,m „  -  b o o  l h 4 c o s  < p { b m i„ ) - t h s i n  Х К ш ) ] +  ( b m in  -  b m ) ( / ! ,  +  h l ) =  0 .

We can get the second equation from the formula (2.33) under condition x  = b0, 
accounting (2.53) or (2.54).

d a  ^  _  2  л ̂ W (Z59)
We do not write it here because of its length.
In figures 2.6 and 2.7 we can compare the theoretical values with the results of the 

experiment for the case of the dace and for the case of the bream Fig 2.8, Fig 2.9 (in 
both cases curves 2). It is clear that in those cases when we did not make the assumption 
of the constant phase velocity the assent is much better (see curves 1 of the same 
figures).

The dependencies of the muscular propulsive wave on the coordinate have been accepted 
in the shape that is shown in figures 2.11 and 2.12 for the dace and for the bream 
correspondingly. The experimental values of the phase velocity of the real propulsive wave, 
which have been calculated for the above-cited data, are also shown in the same figures.
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Fig. 2.11. The theoretical phase velocity function 
of the muscle propulsive wave of a dace (1) and 
experimental data. (Based on data by Bainbridge, 
1963).

Fig. 2.12. The theoretical phase velocity function 
of the muscle propulsive wave of a bream (1) and 
experimental data. (Based on data by Bainbridge, 
1963).

The values of the parameters of the muscular propulsive wave are cited in table 2.2. 
These values correspond to the calculated curves in figures 2.6 -  2.9. The second line in 
table 2.2 corresponds with the dace and the third line corresponds with the bream.

The analysis of the data, that is shown in figures 2.6 -  2.9, 2.11, 2.12 and in table 2.2, 
allows to outspeak some considerations and conclusions.

The deformation law (2.45) with dependence of the muscular wave phase velocity
(2.43) and (2.44) give the fair picture of swimming of the fishes, whose amplitude 
function has a minimum generated by the yawing caused by recoil effect. The less the 
yawing, the better the theory matches the experiment. In fact, the calculated curves of 
the amplitude function and especially of the speed function are of oscillating formation. 
The calculated curves for the bream, which have more recoil, are more oscillating. These 
oscillations are rather due to the imperfection of the theoretical model. The weak point 
of the model, perhaps, is the harmonic approximaion of the fish body oscillations, which 
can actually be nonharmonic. Figure 2.13, which demonstrates the oscillations of the 
bream’s caudal fin, is an illustration to this fact.

The theoretical model is also imperfect because it implies the linear mode of yawing.

k>, m '1 К  о, m йю, m Y h4 h a0 b0, m '1

54.4 0.0038 0.0331 4 -0.005 -0.0053 0.4 25
86.2 0.0038 0.0203 2.8 - 0.01 -0.0191 3.3 10

Table 2.2. Parameters of a muscle propulsive wave for a dace (second line) and bream (third line). For 
explanations of variables, see text.
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Fig. 2.13. Speed of transverse movement of the caudal fin of a bream swimming steadily. (Redrawn from 
Bainbridge, 1963).

It is presumed that the muscular propulsive wave runs along all the body of a fish, but 
the head region, where there are not any muscular structures, is unlikely to assist in the 
wave generation (Fig. 2.10).

However, the discussed model still maps the basic features of the fish swimming.
There is a possibility to registrate the phenomena that accompany the muscular 

propulsive wave. Now there is only one work (Grillner, Kashin, 1976), that contains the 
results of the study of the myographic wave and the simultaneously actual muscular 
propulsive wave of the fish. There are a few data about only one species (the eel). But 
these data allow to think that the myographic wave (and therefore, muscular wave) have 
the velocity, which varies within the range of the body.

This work contains the important conclusion, that the myographic wave spreads 
approximately 40% faster than the mechanical wave, which is actually observed (see 
fig. 2.14). This fact qualitatively corresponds to the results that are represented in fig. 
2.12. It shows the calculated dependence of the phase velocity of the muscular locomotive 
wave of the body on its location in the comparison with the experimentally-measured 
velocity of the observed propulsive wave. It is obvious, that the velocity of the muscular 
wave at the body segment 0.2<r//<0.8 had to be 15 -  20% higher than the velocity of the 
observed propulsive wave. However, the data of the single work (Grillner, Kashin, 1976) 
cannot be the unconditional confirmation of the above mentioned theoretical conclusions. 
This data can only outline the way and the method of the further experimental 
investigations.

One more remark. According to Lighthill, the axis of the yawing has to be located at the 
distance 0.58/ from the fish tail. But according to our data, the dace axis of yawing has to 
be located at the distance 0.5/ from the fish tail, and the bream axis of the yawing has to be 
located at the distance 0.42/ from the fish tail. In any case, the axis of the yawing must not 
coincide with the minimum of the amplitude function opposite to Lighthill’s statement. The 
coincidence exists only when the amplitude of the oscillation is constant along the whole 
fish body. The difference of the estimations of the yawing axis locations can be explained
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Fig. 2.14. The phase angle of the propulsive wave (1) and miographic wave (2) at different positions along the 
length of the body of an eei. (Redrawn from Griliner, Kashin, 1976).

by the imperfection of the theoretical model used by Lighthill. This model does not take into 
account that the propulsive wave phase velocity is not necessary constant.

2.4. The law of body deformation in actively swimming dolphin

Available experimental data on dolphins (Tursiops truncatus) (Romanenko 1980a, 1980b, 
1986a) reliably establish at least the linear dependence of the propulsive wave phase velocity 
on coordinate and monotone growth of the amplitude function. But Yanov (1990,1997,1998) 
distinguished a more complex dependence of the amplitude and phase functions in the same 
dolphin species. In figure 2.15 there is an amplitude function of the Tursiops truncatus 
dolphin (1) experimentally measured by Yanov (1990, 1997) for a dolphin swimming with a 
constant speed of 3.12 ms'1 and its approximation (3) with the expression

( Y  ( Y
h ( x ) = h „  0 . 2 1 - 0 . 6 6 4 + 1 . 1  4  + o . 3 5  4  .  ( 2 6 0 )

/ { I J  \ l J _

There is also an approxim ation made by Romanenko (1986a) based on the 
measurements in three points of the dolphin body under the constant speed 4.3 ms'1 (2), 
and the law of deformation (4) proposed by Semyonov, Babenko, and Kayan (1974). We 
can see that the variant of Semyonov, Babenko, and Kayan gives the worst accordance
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to the experiment. Taking into account that in some cases the difference between the 
representation of kinematical data by Romanenko and Yanov’s is minor, we will base 
our calculations on the law of deformation

h (  H$1
h (x , t )  = h, —  - 1 +  2 — -  s in lm ?-£ (x )x ]

v ’ ' h, h, w  (2-61).
' V ' J

Here, the function k(x) in its first approximation may be taken as 

bx

This function is corresponding to the linear dependence between the phase velocity of 
the propulsive wave and the coordinate

C(x)=C„(l + V) (2.63)

In the formula (2.62)

where С is the phase velocity of the propulsive wave in the area of the animal’s head 
(nose).

Fig. 2.15. The amplitude function of the transverse movements of the dolphins' body. 1 - experimental data. 
(Adopted from Yanov, 1990, 1997), 2 -  4 -  the versions of the mathematical approximations of the amplitude 
functions.
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The presentation of the law of body deformation as (2.61) should not, in the first 
place, lead to the physical contradiction mentioned in § 1.4. To verify this, we shall substitute 
(2.61), with regards of (2.62) and (2.63), into the formula for the thrust, obtained by 
Lighthill:

Г - - Р Л ( Г  -  - U  -  (2.64,
L V  /  V 7  J x = l

and we shall have

Г ( h ) f
U 2 In 2 — ^ у 2 n2

T -^ o M iW h *  1___L  L Г  M J  2 K I
4 ' C ; ( l - V ) ! t ft'J <2-65>

This expression must transform to zero at some correlation between U and C(x'). We just
cannot simply equate U and C(x) because C(x) varies within the limits of the animal’s
body, from the value of Cn on the nose tip to С П+/?()/) on the tail edge. Therefore we 
shall try to find out at what correlation between U and C(x) the expression (2.65) turns 
into zero. Let us equate to zero the expression in brackets

Г (  ji Y |2
U 2 In 2 — s- y 2 '

l _  V 1  - I  "■ I  2 - M  - 0  <2 -66>
a, J '

Therefrom we shall get

2\  f  h ) ] 2 2f  h ) 2 
U 2 In 2 ----   у  2 - ^

v  I 1 L I h- l i  J  (2.67)
C„ (1 + b j )  I m 'I-
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One can see that there is a certain real correlation between U and С (l+b I) at which 
the thrust turns into zero. With that, when U Ф 0 and у Ф 0, it is always the case that U <
c d + V ) .

In this way, the suggestion that the phase velocity of the propulsive wave depends 
upon the coordinate as (2.52) does allow indeed to avoid the above contradiction.

2.4,1. Estimation of the parameters comprising the law of body deformation
in the dolphins

It is possible to estimate the most important values у and b{], comprising the law of 
body deformation (2.61) for dolphins, without any experiments. To this end, we shall 
employ the relation (2.67). If we could know the exact correlation between U and С 
(1 +bj), at which the thrust must turn into zero, we would be able to get some unambiguous 
relation between у and bQ. But we only know that U must occur within the interval of 
values Cn - Cjd+bJ) for the thrust to turn into zero. Therefore we shall divide the above 
interval into four equal parts and shall calculate the dependence between у and b for 
five values of U, namely

U r  C ,  (2.68)

C„(4 + V )U 2 =  —   , (2.69)

. .  С (2 + b0l)
V y =  4 , (2.70)

. .  С (4 + 3b0l)
u  4 =■ 4 (2.71)

U5 =C„{l + b0l)  (2.72)
By substituting (2.68) - (2.72) into (2.66) we shall get the following correlations:

Ct)lJbQl( 2 + b0l)
Y  _  \  7  " у

f/(l + V J 2 - L  in 2- A  (2.73)
1 hУ  { h’ >
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a d j 3 b 0l{S +  5b 0l )

4t/(l + b0/]f 2 - ^ l ln f  2 - — 1 И74)
I  4  { h‘ J

co lJ b Ql(4  + 3b  J )
Y  —    5

2 U ( l  +  b0l {  2 - — lln f  2 - — 1 (2-75)
1 К h.\  ' J \  ' )

col J b Ql($ + 7bal )
Y = -------------   :---- 2---------- >

4 U (l +  b0l { 2  -  — lln f  2 -  — 1 (2-76)
I  Y J  I  h' J

y = 0 .  (2.77)

The obtained expressions, besides the values of /an d  b0, which are interesting for us, 
also contain the parameters of U/l, I and h jh t. All these values in their first approximation 
can be regarded as known ones or as easy to be defined. For instance, the dolphin’s body 
length / is easy to measure. The value U/l can be taken as a parameter. The value h jh i 
is easy to be estimated by kinogrammes published in some papers (Kokshaysky, 1974). 
Such estimates show the value h /ht to equal about 0.2 as to the circular frequency of 
body oscillations (со = 2nf), it can be found as based on the dependence

/  = l . l y  + 0.15, (2.78)

obtained by Kayan and Pyatetsky (1977) for Tursiops truncatus.
Kozlov (1963) adduced another expression, which matches the previous one

/  = 1 .0 5 y  + 0.25. (2.79).

In case of Phocaena phocaena the same authors (Pyatetsky, Kayan, 1972) present 
a similar relation which looks as
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/  = 0 .4 6 y  + 0 .26 . (2.80)

Fig. 2.16 demonstrates the dependencies y(ft0) for Tursiops truncatus. Fig.2.17 shows 
similar dependencies for Phocaena phocaena. The parameter of the curves is the 
relation U/l. All curves are built for the relation U/l = 2. The body length of Tursiops 
truncatus is accepted as 2.2 m and that of Phocaena phocaena as 1 m.

When analysed, the obtained correlations and the curves based on this allow to draw 
some conclusions and suggestions.

1. The values of the parameters у and bQ are specific for various species. It is 
particularly evident in Figs. 2.16 and 2.17. The main reason behind this fact is in that 
the empirical relations (2.78) and (2.79) are species-specific. These dependencies 
correlate the frequency of body oscillations and the relative velocity of swimming.

2. According to the data in Figs. 2.16 and 2.17, it can be suggested that the extent of 
increase in the amplitude of the propulsive wave on the body of Tursiops truncatus 
must be much higher than on the body of Phocaena phocaena.

3. The dependence of the parameters g and £>0on the relative velocity of swimming 
seems to be rather insignificant.

4. In the parameters у and bQ there should be a considerable dependence upon the age 
(the dependence upon the body length).

The conclusions are of qualitative nature because they were suggested as based on 
the fact that the relations (2.73)-(2.77) remain the same even in the actual regimes of the 
animals’ swimming, not only in the threshold case of the zero thrust for which these 
relations were derived.

Fig. 2.16. The theoretical values of у vs. b0 for 
Tursiops truncatus. 1 -  4 -  was computed from 
the formulas (2.73 -  2.76).

Fig. 2.17. The theoretical values of у vs. ba for 
Phocoena phocoena. 1 -  4 -  was computed from 
the formulas (2.73 -  2.76).
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bo, rn 1

/

II§ ил = 2
0 0 0

0.1 3.08 2.89
0.2 3.94 3.70
0.3 4.43 4.17
0.4 4.76 4.48

Table 2.3. Values of у vs. b0. For explanations of variables, see text.

If the expressions (2.73)-(2.77) remain valid in the actual regimes of dolphins’ 
swimming, it is feasible to select among them only just one, which is most probable. It 
is evident that the zero thrust should not appear at the external values of U within the 
interval of Cn-Cn(\+bJ) most likely, the zero thrust must occur at some average value of 
U within the above interval. This average value may be

n  C „(2  +  V )

^ = 2 (2‘81)

From Table 2.3 we present the values of у in the function of bQ calculated for (2.75) 
and for two values of the parameter U/l in case of Tursiops truncatus swimming.

It is easy to perform analogous analysis for the law of deformation (2.60), considering 
dependence of the phase velocity on the coordinate like (2.62).

Brief conclusions

The fact that on the initial stages of the research there were proposed so many 
variants of the fish or dolphin body deformation laws (which are considered in this chapter) 
witnesses the lack of the reliable experimental facts on the kinematics of these animals. 
Data that allow us to construct a reliable model of fish and dolphin kinematics appeared 
only in recent years. These discoveries are the “recoil” phenomenon and the dependence 
of the propulsive wave phase velocity on the coordinate in the coordinate system based 
on the animal body. Till now all the models of fish and dolphin swimming proceed from 
the idea that the phase velocity of propulsive wave is constant. We think that unlike all 
others problems of fish and dolphin swimming, the problem of the body deformation law 
is close to the full solution.
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CHAPTER 3. DISTRIBUTION OF THE DYNAM IC  
PRESSURE ON THE BODY OF FISH AND DOLPHIN  

CAUSED BY ITS OSCILLATIONS

As we have already mentioned before, James Gray, an English zoologist, in 1936 suggested 
that Cetacea, and dolphins in particular, reveal some stabilization of their streamline flow 
and , hence, an increase in the critical Reynolds number in the transition from laminar 
overflow to turbulent one, owing to the favourable (negative) gradient of pressure occuring 
along the animal’s body in its active locomotion in water. Gray believed that the negative 
pressure gradient was caused by the oscillating movement of the dolphin’s tail throwing the 
water masses backward. He assirted that there was a peculiar sucking of the animal’s 
boundary layer. Such mechanism , indeed, takes place in reality, but it does not determine 
the formation of the pressure gradient along the animal’s body. A strict mathematical analysis 
of this phenomenon (Romanenko, 1986a) shows that its main mechanism is quite different 
from that suggested by Gray. Moreover, even if the dolphin had no caudal fin and the water 
masses were not thrown backward, but the body was making its vertical oscillations, the 
negative pressure gradient along the body would be still formed there.

3.1. The role of fish or dolphins’ body oscillations in formation of the 
dynamic pressure gradient

Let us discuss in more details the mechanism responsible for the formation of the 
pressure gradient on the animal’s body due to its oscillations. Let us consider the animal’s 
body as a long, elliptical or circular cylinder making bending oscillations in one plane. 
In this case, to calculate the dynamic pressure on the body surface (p -p j ,  we may use 
the familiar expression for a circular cylinder transversely overflown by a stream 
(Logvinovich, 1969).

Pvl 6 + • 2 \ pcos6L d\R2vn)
P - P ~  = A 4 l - 4 s i n 26)0) + p  ° - А .  Y  (3.1)

2 R dt

Here, R and Qq are cylindrical coordinates, t is the time, v is the velocity of the body’s 
transverse movement as specified by the expression

dh dh

v- = l k + u r  (3-2)

where h(x,t) is the instantaneous value of transverse oscillations of the body, U is the 
body’s velocity towards its longitudinal axis x. Fig. 3.1 shows the position of the dolphin 
in the accepted system of coordinates.
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The formation of the boundary layer on the overflown body is governed not by the 
excessive pressure itself but by its gradient which, with account of expression (3.1), may 
be presented as

dp dv { . . 2 n \ d  p c o s 0 (1 d (R 2v„)
—  = pv„ — ( l - 4 s i n 20o)+ —    ^  n i l
dx dx dx R dt

After normalization of the expression (3.3) on the dynamic pressure we obtain the 
expression of the dynamic pressure gradient in the following form:

2 dp 2 f dv / . . 2 d  Г p c o s 0 n d (R 2v  )~|]
 T = —7 )V„— - ( l - 4 s i n ‘ 0o )+ —  -   rd L n 4 ,
рСЛ Эх U  { Эх V '  dx R dt \

In addition to the instantaneous values it is useful to know the values of the time- 
averaged dynamic pressure and its gradient. Averaging on time expression (3.1) we 
obtain

P - P ^ = ~ { ^ - 4 s in 20o). (3.5)

The normalized form looks like

The pressure gradient is

Fig. 3.1. The co-ordinate system of a swimming dolphin.
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Д р А Д | ( 1 - 4 зш Ч )  (3.7)
ах dx j

After normalization:

2 dp 2 ( dv  V \

° ] (3-8>

Critical Reynolds number is unambiguously connected with the shape parameter of 
the profile of speed in the boundary layer. It looks like

S 2 dp
A =    (3 9)

vpU  dx ' ;

Here v is the kinematical viscosity; 5 is the boundary layer thickness. Taking into account 
expressions (3.3) and (3.7) we can easily obtain the instantaneous and time-averaged 
values of the shape parameter of the profile of speed:

8 2 dvn r . . 2 n \  d  |~ p co s6 0

А = - ^ 1 У- ^ ' 4 ,Ш й° ) + 4  «  *  Л  <зло>

and

X  =  ~ 4 y f  v "  ~  4 s i n 2  0 0 1  ( З Л 1 )v U y  dx j

The pressure gradient influences both the laminar boundary layer stabilization and the 
fine structure of the turbulent layer. In particular the negative gradient of the dynamic 
pressure of the sufficient value can cause the back transition from the turbulent streamline 
to laminar one (Lander, 1964; Repik, 1970; Nazartchuk, Kovetskaya, Panchenko, 1974) 
or at least the significant reduction of the turbulization degree, which leads to the friction 
drag reduction. This effect depends on the value of the shape parameter, which is

v  dp

~ p U 3 dx ■ (ЗЛ2)

The referenced above works analyze how the negative gradient of pressure influences 
the back transition from the turbulent streamline to the laminar one. They show that the
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negative gradient of the dynamic pressure of the sufficient value can “laminarize” the 
turbulent boundary layer. With this going on, the phenomena, which are the evidence of 
the “laminarization” process, are observed. The value of the shape parameter of the 
speed profile (Я = <5, / 8y  and 82 are the thickness of displacement and the thickness 
of the impulse loss correspondingly) rises. The profile of the speed in the boundary layer 
tends to Blasius’s one. The intensity of speed and pressure pulsation in the boundary 
layer decreases. The drag coefficient decreases. The back transition from the turbulent 
streamline to laminar one occurs when the value of the shape parameter В is

v dp

Taking into account expressions (3.3) and (3.7) we can represent (3.13) in the 
instantaneous and time-averaged forms,

and

5 = A ( v " Y ) ( l - 4 s i n 4 ) '  < з л 5 )

We shall adduce the numerical estimates of the dynamic pressure gradient distribution 
on the body of the actively swimming dolphin and the value of the shape parameter A 
and В in the 7th chapter.

3.1.1. Angle dependence of dynamic pressure distribution on animal body

Let us consider formula (3.3), which characterizes the time-averaged value of the 
redundant pressure on the dolphin body. Let us analyze the dependence of pressure on 
the angle 0Q. This dependence is defined by the factor

1— 4sin26(). (3.16)
It is represented in figure 3.2a for the middle cross section of the dolphin body. We can 
see that on the lateral surfaces of the dolphin body the redundant pressure is negative, 
and on the top and bottom surfaces the pressure is positive, the maximal value of the 
negative pressure is three times higher than the positive one.
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The cross section of the dolphin body abaft the middle is not circular, the closer to the 
tail fin, the more it differs from a circle. The exact calculation of the redundant pressure 
for this part of the dolphin body is difficult, but its results seem to differ very little from 
those for the circle cross-section, because formula (3.1) is correct not only for the circle 
cylinder, but also for the elliptical cylinder (Logvinovitch, 1969), and the caudal cross 
section is near elliptical. The distribution of the dynamic pressure on the tail stem is 
shown in figure 3.2.b. The area of the positive values decreases, and the area of the 
negative values increases.

Fig. 3.2. Distribution of the dynamic pressure over the surface of a dolphin’s body (a) and a caudal peduncle (b).

The distribution of the dynamic pressure on the body of a fast swimming tuna-like 
fish must be analogous, because its body cross-section is dolphin-like (especially in the 
caudal part of the body). As for common fish, whose body is laterally flat, distribution of 
the dynamic pressure is not very advantageous because the pressure gradient on the 
lateral surfaces is positive and only in the narrow dorsal and ventral areas this gradient is 
negative.

3.2. The pressure gradient generated by the tail fin

Till now we have discussed the gradient of dynamic pressure on the body of actively 
swimming dolphin caused by its undulation. But at the same time there is Gray’s (1936) 
mechanism based on the tail fin oscillation. To be more exact, there are at least two 
independent mechanisms: the first one is caused by the vortex wake behind the edge of 
the tail fin, which influences the flow around the body, and the second one is caused by 
the additive field of the velocities induced by the oscillating tail fin dipole (Romanenko, 
Pushkov, 2001).
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3.2.1. The vortex wake influence

In order to estimate the velocities and pressures induced by the vortex wake, we shall 
consider the movement of the flat wing of finite span (fin) in the coordinate system 
OXYZ, that moves at the velocity of U, equal to the dolphin velocity, in the direction of 
OX-axis (see fig. 3.3). Oscillation of the angle between the wing plane and plane OXYZ 
в = 6o coscot is superposed on transversal oscillation of the wing _y = hsincot.

Let us consider the wing to be a carrying line AB. While moving, the vortex wake 
behind the wing forms vortex wisps and makes a track of vortex frames. At the first 
approximation, we consider these frames to be rectangles (fig. 3.3).

In order to evaluate the pressure gradient we can suppose:

7zR- the transversal size of the frames is / = —  , where R is a semi-span of the wing in
2

accordance to elliptical distribution of the circulation along the wing span,
- the distance between the vortex frame components, which are transversal to the 

wing movement, and the OXZ-plane to be equal to the amplitude of the wing vertical 
oscillation li.

We shall evaluate dp/dx  at the moment when the wing passes through:
A. the plane OXZ
B. the point of maximal deviation from the plane OXZ.

The vortex wake shown in fig. 3.3 corresponds to the moment of passing through 
OXZ- plane. Using Bernoulli law we can write for Ap in a certain point X  on OX-axis as 
a first approximation

Fig. 3.3. A schematic sketch of a wing.
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АР ~ Р Щ Х, (3.17)

where V is the component of induced velocity in OX-axis direction.
To define the order of Ap/Ax let us estimate the value of V , induced by the vortex 

trail which is formed during the half period T  of the wing oscillation. Using the Biot- 
Savart formula for the velocity induced by an arbitrary interval of the vortex line with 
circulation T in  a certain point, we get

p
Г = — (c o sa  + c o s /! )  (3.18)

Here ho is the shortest distance from the vortex line segment to the observation point, a  
and (3 are the angles, which abut upon the segment and are formed by the lines, which 
connect the point of observation with the ends of the vortex line segment. The value of 
V is the sum of OX-components of the velocities, which are induced in the point X  by 
all straight segments of the vortex frames formed over a half period of the wing oscillation 
at the moment of passing through XOZ-plane (for the case A).

f  \

П п a + xcos(p xcos ю
v i x = — г   гг -7 — I sm(P +

4n (xsincp)' + -^- J(x + acos(pf +/i2+K-

( UT\ ( UT)x н Icosw x + —  cos (p- а
П 0 2 2+  F   =r -...... 1............   V 1 ....-.......- Sin (p +

+ +f)si">4]l|-f)!4 JFfp4] (3 ..9 )

+ ________________ n oh
- 4  итЗ2 , 2] { f  UT32 , 122n  л*л +h J  ah +lr+ —

LI 4 J Jv l 4 J 4

Here the first and the second terms are defined by the velocities induced by the longitudinal
vortex lines at the point X. The third term is defined by the velocity induced by the
transversal vortex CD (see fig. 3.3).

We can obtain the value of V for the case В in the same way:
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( итЛ (  итЛа+ х + —  cos cp х + —  cos <р-а
V. =  n ° sin<?_____________ I 4 ) L ± J _ _______ +

" 4 , + ^ T s i „ > 4 ]  ь +„ - х
X  4 J  4 J L VI  2 j  4 V 4

+ ________ r y ,| ____________ щ _______________  (3.20)

Here longitudinal vortex lines define the first term, the second and the third terms are 
defined by transversal vortex lines, (p in the expressions (3.19) and (3.20) is the angle 
between the vortex frame and OXZ- plane, a - is a half of the longitudinal dimension of 
the complete vortex frame, h = asirnp. The value of circulation is defined by the connexity 
equation

Cvp Lf s  = p U in 0 = F ,  (3.21)

where С is the lifting force coefficient, p  is water density, {J = y U 2 + h 2CO2 is the

amplitude of the absolute velocity of the wing movement, S is the square of the wing. 
These expressions for V. define the value of the gradient dp/dx:

Ф T T 9 V ix-f-  = p U  — (3. 22)  
ox ox

When we define F, we must take into account that the coefficient of the lifting force 

С and its derivative with respect to the angle of attack C “ depend on Strouhal number 

Sh=cob/U, where b is the chord of the wing.

3,2.2. The influence of the tail fluke as an acoustic dipole

In section 1.5 of ch. 1 we have already analyzed the simple acoustic model of swimming 
fish, where the oscillating tail fin was considered to be an acoustic dipole, which produced 
a field of velocity and pressure in the circumjacent water media. The radial component 
of particles velocity, which is generated by the dipole, can be expressed (Skudrzyk, 
1976) like
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¥' = У ^ + ф / Г ве~*'' (123)

where

В = - к рС° , (3.24)
4тг

D is the moment of the dipole, which can be written like

D = 2QrQ. (3.25)

Here Q = v S is the space velocity of both dipole sources, vu is the component of liquid 
particles velocity, which is normal to the fluke, 5 is the surface area of the one side of 
the tail fluke, r is the effective radius of the tail fluke, 2r is the distance between the

О о

two dipole sources, which can be evaluated as

2 r0 = 2 J —  , (3.26)
V л

r is the distance between the dipole center and the observation point, с is sound speed in 
water, j  is an imaginary unit. Q is the angle between the dipole axis and the direction to 
the observation point.

We are interested in the case of kr «  1, when the observation point is located near the 
dipole. In this case we can neglect the first two terms in the brackets on the right side of 
(3.23) and consider the multiplier e'jkr to be equal to 1. Then formula (3.23) transforms to

> С15
Vr = \ y j C O s e .  (3.27)

r'Tt '

Using formula (3.23) we can write the expression for the dynamic pressure gradient, 
normalized by dynamic push

2 dp  6 v S 15
—  —  = -  , ; cos0 . (3.28)

p U  2 dr  Ur n  V ;

We can consider the expression

vn ~ a U t , (3.29)
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to be right in application to the dolphin fluke. Here U is the instant velocity of the flowing 
around the dolphin fluke, which is defined by the expression

ш о )

We believe that the dolphin fluke moves by the harmonic law. Then we get

Г C 02h 2 cos2 COt
U , = U ^  1 +   • (3.31)

Here co=2nf f  is the frequency and h is the amplitude of the fluke oscillation. The final 
formula for numerical estimation of dynamic pressure gradient is derived from (3.29) -  (3.31):

2 d p  6ccS]t 5 f  co2h i ~2 _
~X7p T  = ~ ~ X ^ T  + ~ T i ^ cos ' COtcos9- (332)p u  dr r 7r v  U

3.3. Comparison of the results of mathematical modelling and the 
experimental data on fish

There are very few works on the measurement of the dynamic pressure distribution 
on bodies of aquatic animals. We know only one work on the dynamic pressure 
distribution on a living and dead fish body (Dubois, Cavogna, Fox 1974). The 
measurements were made with subcutaneous liquid manometers. The results are shown 
in fig. 3.4 and 3.5. The locations of the manometers are shown on the fish (Pomatomus 
saltatrix) silhouette. The dynamic pressure distributions on the dorsal side (a) and lateral 
side (£>) of a living fish body are shown in fig. 3.5. The point 1 on the upper plot shows 
the value of the dynamic pressure on the body of the dead fish. It can be seen that the 
pressure gradient between the last measurement points on the body of the dead fish is 
positive, while the pressure gradient on the body of the living fish between the same 
points is negative. It is remarkable that the negative pressure gradient on the body of the 
living fish is observed only on the dorsal side of the body. Gradient on lateral side is 
positive on either fish (living or dead ). The explanation of this fact is given at the end of 
section 3.1.1. It illustrates fig. 3.6, which is similar to the fig. 3.2.b. The only difference 
is that dynamic pressure on dorsal and lateral sides are of inverse signs. The reason for 
it is that the fish body undulation plane, unlike the dolphin, is horizontal whereas fish body 
shape in the tail region is approximately dolphin-like.
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Fig. 3.4. This series of 8 graphs reflects the change of pressure seen on the various surface points with 
increasing speed. Symbols on the drawn bluefish indicate the position from which the pressure was recorded. 
Each of the 8 graphs contains the data obtained on an individual fish. One notes the general tendency for the 
positive pressure on the front of the fish to increase in a quadratic fashion with increasing speed. Pressures 
at the region of widest girth and the back portion become increasingly negative with speed. In the dorsal 
region, just behind the eye both negative and positive values were recorded, indicating its proximity to the 
position where pressures switch from positive to negative. (Redrawn from Dubois. Cavagna, Fox, 1974).

The quantitative estimate of the value and distribution of dynamic pressure gradient 
on the body of the active swimming dolphin we shall give in chapter 7 and there we shall 
compare it with the experiment.
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Brief conclusions

The idea that there is a negative gradient of the dynamic pressure on the dolphin 
body, which influences the structure of the boundary layer, was first suggested by an 
English zoologist J. Gray in 1936. However this hypothesis did not arouse any interest of 
the scientific society. The strict theory of the subject is for the first time adduced in this 
chapter. It has been shown Gray’s assumption was right in general. Furthermore, it 
turned out that this effect occurs in fish hydrodynamics as well.

Fig. 3.5. Pressure profile from the back and side of the 
bluefish at 4 m.p.h. The distances were normalized to an 
average overall length of the fish of 24 in. Symbols are 
referable to the drawing in Fig. 3.4. One notes the marked 
contrast of the positive pressure recorded on the top of 
the tail of the dead bluefish with the negative pressure 
recorded on the same point of live fish. (Redrawn from 
Dubois, Cavagna, Fox, 1974).

Fig. 3.6. Distribution of the dynamic pressure 
over the surface of the fish caudal peduncle.
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CHAPTER 4. THE BASICS OF THE STATISTIC 
BIOHYDRODYNAM ICS

Scientists have always been interested in hydrodynamics of fast-swimming aquatic 
animals. But this area is more difficult to investigate than hydrodynamics of a rigid 
body. The shape of an animal’s body alters while it is swimming; the velocity of the 
swimming varies continuously. Many fish species have their bodies covered with scales 
and mucus, and the pinnipeds have fur. The temperature of a body is not always equal to 
the temperature of a liquid flow. All these facts greatly complicate research of 
characteristics of flow around an animal’s body. If we take into account the methodical 
difficulties of the experimental study of the flow around animal’s bodies, we shall 
understand the reasons why practically nothing is known about its hydrodynamics. 
Nevertheless it is obvious, that the phenomena we can observe in the boundary layer of 
an animal’s body are identical to those in the boundary layer of a rigid body. Therefore 
the study of the biohydrodynamics should be based upon the achievements of the 
theoretical and experimental investigation of the hydrodynamics of a rigid body.

In this part we shall briefly present some basic information about the laminar and 
turbulent boundary layer on the flat plate and on the bodies of rotation; about physical 
mechanisms that influence the structure of boundary layer (mainly after Hintse, 1963; 
Schlichting, 1969; Petrovsky, 1966; Loytsyansky, 1973; Monin, Yaglom, 1965). All 
this information gives us the opportunity to define problems of the biohydrodynamics 
to the best advantage.

4.1. The basics of the theory of boundary layer

L. Prandtl showed the way to theoretical investigations of the liquid flow with friction 
for some important practical cases. He introduced the concept of the boundary layer as 
a very thin layer near the body in the flow, where the friction is of substantial value. 
Beyond this layer the friction is negligible.

The boundary layer is a result of the adhesion of liquid to the surface of the rigid 
body. In this case velocity of the liquid varies from zero on the surface of the body to the 
full value in the outer flow. For real liquid having the resistance the formation of the 
boundary layer is characteristically. It makes it different from ideal liquid because the 
latter doesn’t have resistance. The concept of the ideal liquid was treated as the main 
one. The theory of ideal liquid could not explain the resistance of the body that moves 
in gas or liquid. According to this theory the body that moves uniformly in infinite 
medium has no resistance (D’Alember paradox).

The friction force in a real liquid is caused by its viscosity. This force is defined by 
Newton friction law
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dU

Г = Д '  (4Л>

where г is the tangential stress between the layers of liquid or on the side of the body in 
flow, p  is the dynamic viscosity factor, dU/dy is gradient of the velocity in the direction 
of the perpendicular to the flow.

At the beginning the theory of the boundary layer dealt with the laminar flows of 
incompressible liquid. Subsequently the theory of the boundary layer has been expanded 
on the more important case of incompressible turbulent flows.

Existence of two types of flows, so called laminar and turbulent, was first observed 
at the beginning of the 19th century. But the theory of turbulence appeared only after 
the works of O. Reynolds’ were published. In this works the main attention was paid to 
the conditions under which the laminar flow of liquid became the turbulent one. O. 
Reynolds has established the common criterion of the dynamic similarity of viscous 
liquid flows. Beside the geometrical similarity of flows, such criterion involves the 
coincidence of the values of the so-called “Reynolds number”

r) U l
Re = —  (4.2)

v

where U and ! are the characteristic scales of velocity and length in the flow in the 
question, v is the coefficient of kinematic viscosity defined by equation

P 
(4.3)

where p  is the liquid density.
From the dynamic point of view Reynolds number can be interpreted as relation of 

the forces of inertia to the forces of viscosity that act in the liquid. Inertia forces cause 
mixing of different volumes of liquid, moving with different velocities. These forces 
actualize delivery of energy from large-scale components of motion to small-scale ones. 
By that the inertia forces advance generation of small-scale severe non-uniformity in 
the flow. The viscosity forces on the contrary cause smoothing of the small-scale non­
uniformity.

Small values of the Reynolds number and considerable influence of the viscosity 
forces are typical for the laminar flows. The situation in the turbulent flows is opposite.

The concept of Reynolds number simplifies the analysis of geometrically similar flows, 
such as a boundless flow around a rigid body of specified shape. If the Reynolds numbers 
are equal, then the flows, which are geometrically similar, are also mechanically similar. 
It means they have geometrically similar patterns of the flow lines and they can be
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described by the same functions of dimensionless coordinates. It is so-called Reynolds 
law of similarity. This law is of great importance for theoretical study of the flows, 
which take place under similar conditions. It is used to unify observations processing 
and to simulate the flows, which are met in practical tasks. But Reynolds law is applicable 
only for the stable flows of incompressible liquid where there is no substantial influence 
of external forces. If these conditions are not fulfilled, then the similarity law tends to 
be more complicated. For mechanical similarity not only Reynolds numbers should be 
equal but also some additional dimensionless criteria of similarity should be true. For 
example, in case of compressible medium motion such additional similarity criterion is 
Mach number, which is defined as the ratio of the flow speed to the speed of sound in 
the medium. While studying the motion of non-uniform temperature liquid we use the 
dimensionless Prandtl number and Peclet number. If there is a heat current across the 
surface of the submerged body then Nusselt number (or Stanton number) is introduced. 
In the case of free convection the Grasshof number (or the Rayleigh number) serves as 
the similarity criterion. When there is a free surface flow, the similarity criterion is the 
Froude number. Strouhal number is a very important criterion of similarity in case of a 
flow around cylindrical bodies. (Monin, Yaglom, 1965).

Investigation of the flow of liquid or gas is generally involves evaluation of the 
seven functions: u, v, w, p. p. T, p. They are respectively three components of velocity, 
pressure, density, temperature and viscosity of the medium. In order to find them we 
should write seven equations. The first three of them are the differential equations of 
Navier-Stockes, which form the basis of the whole mechanics of fluid and gas. Then 
there is the equation of continuity, the equation of state, the energy equation and the 
equation that associates the viscosity coefficient and the temperature. We do not cite 
them in full because they are too lengthy. Furthermore, the exact analysis of such equation 
set is not our task. We confine ourselves to the most general conception of the 
mathematical description of the phenomenon we study. The set of equations is greatly 
simplified, if we discuss the incompressible flows (p = const), that occur in animal’s 
swimming. In this case three out of the seven unknown values turn out to be constant. 
Four values (u, v, w, p) stay variable. There are four equations, which allow us to find 
them: three Navier-Stokes equations and the equation of continuity. If Navier-Stokes 
equation is presented by vectors, then the whole set of equations reduces to only two 
equations:

D U
p  -  К  -  gradp + p A U  (4.4)

and

divU  = 0, (4.5)
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DU dU dU  |7
w h ere  = ——I------, a iv u  — л + + > Д — is Laplace operator, and К  —

Dt dt dt dx dy dz
is the body force.

Navier-Stokes equation derivation is based on some empiric assumptions. Therefore 
we can not be sure if they describe correctly the motion of the viscous liquid. This fact 
means that Navier-Stokes equations need checking which can be performed only by 
experimental means.

Up to now there has been found no general solution of the complete Navier-Stockes 
equation because of mathematical difficulties. But some partial solutions are known. 
For example, we know the solution for the laminar flow in tube, for the flows in boundary 
layer. These partial solutions coincide with experimental results quite well. So the general 
applicability of the Navier-Stokes equations is evident.

Now we are going to discuss the fundamental facts of the theory of boundary layer.

4.1.1. The laminar boundary layer

When liquid or gas flows around various bodies, sticking phenomenon is observed, 
which leads to zero velocity of liquid or gas particles on the body surface. The speed of 
the flow U (x,y) varies in thin layer from zero on the body surface to the maximal value 
( t / J  in a distance from the body. This thin layer of liquid (or gas) is called boundary 
layer or friction layer 8(x). The laminar boundary layer on the flat plate in the flow of 
longitudinal direction is schematically shown in fig. 4.1. In the transversal direction the 
scale is magnified for the better layout. The thickness of the layer (denoted as 5) locked 
by friction gradually increases along the plate starting from the forward edge. The 
thickness of a boundary layer is usually the distance from the wall where the flow speed 
differs by 1% from the external flow speed. In this case the thickness of a boundary 
layer is defined by equation

Fig. 4.1. A schematic sketch of a boundary layer along a plane surface. (Redrawn from Schlichting, 1974).
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s ~ 5 -0^ ’ (4-6)

where U^ is the speed of the flow at the infinite long distance from the plate; x  is the 
distance from the front edge of the plate; v=ji/p is the coefficient of kinematic viscosity, 
jl is viscosity; p  is density.

So-called displacement thickness 5, (fig. 4.2) is often used instead of the boundary 
layer thickness.

(4.7)
/=о V ” 7

The displacement thickness is the distance between the wall and the current streamlets 
of the external flow moved away because of the accumulation of increasing quantity of 
the locked liquid in the boundary layer. The equation that describes the displacement 
thickness can be written like (4.6):

(4-8)

Fig. 4.2. Displacement thickness, <5r  in a boundary layer. (Redrawn from Schlichting, 1974).
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Fig. 4.4. A family of a velocity distributions. Л - is parameter. (Redrawn from Schlichting, 1974).

Fig. 4.5. Diagram illustrating flow in a boundary layer near point of separation, A. 5 - is a velocity thickness 
of the boundary layer. (Redrawn from Schlichting, 1974).

layer near the surface caused by the friction is the reason why the particles can not 
overcome increasing pressure and halt. This leads to significant thickening of the 
boundary layer. Then the return flow near the wall is generated due to the positive 
pressure gradient. It makes the liquid to be carried out of the boundary layer into the 
outer flow. One of the threads of the current that makes a certain angle with the wall 
starts in the separation point.
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The phenomenon of the boundary layer separation is especially typical to the bodies 
with dulling stern. When a liquid flows around such a body, the positive pressure gradient 
is generated at its stern area. This causes the boundary layer separation and the formation 
of the vortex zone behind the stern, which leads to an increase of the so-called pressure 
resistance.

Let us discuss the mechanisms, which make the pressure resistance of the flow of 
liquid around a cylinder arise. Fig. 4.6 shows the chart of the liquid flow around a 
cylinder with the separation of the boundary layer and formation of the vortices, fig. 4.7 
shows the pressure distribution on the surface of such cylinder. We can see that the 
pressure has maximum at the front critical point (cp = 0°). The pressure has minimum at 
the angles of 90° and of 270°. At the point that corresponds to angle of 180° the pressure

Fig. 4.6. Flow pattern about a circular profile. (Redrawn from Schlichting, 1974).

Fig. 4.7. Pressure distribution near a circular profile. 1 -  at Reynolds number smaller than a critical value, 
2 - at Reynolds number greater than a critical value, 3 -  in a perfect (inviscid) fluids.



156 Е. V. Romanenko. Fish and dolphin swimming

increases the same as it does at the front critical point, but it does not obtain the same 
value. Only in theory the pressure values are the same at the both critical points (the 
front and the rear points). This difference of the values of pressure at the opposite points 
of the direct axis is the reason for the pressure resistance to arise. If we integrate the 
pressure along the whole surface of the cylinder we’ll get the absolute value of the 
pressure resistance.

Pressure resistance is also called shape resistance. The pressure resistance of the 
cylinder under laminar flow is noticeably greater than the friction resistance and is 
much greater than the pressure resistance under turbulent flow. It is explained by the 
fact that the condition of the separation of boundary layer on the cylinder changes a lot 
when the boundary layer becomes turbulent. The point of separation moves downstream, 
stagnant space of the flow behind the cylinder becomes narrow and pressure distribution 
converges to the pressure distribution under a condition of a flow without friction.

The pressure resistance of a streamlined body is a small part of the friction resistance 
(does not exceed-20 -  30%) because the boundary layer separation is either nonexistent 
or relatively small. This phenomenon characterizes the swimming of fishes, dolphins 
and other aquatic animals.

Before now we have been discussing the stationary boundary layer. But the motion 
of the sea animals is non-stationary. Therefore it is helpful to analyze how the unsteady- 
state of their motion influences the features of the flow outline. It is a very difficult 
mathematical task. An experimental study of the features of non-stationary flow of the 
sea animals is more likely to give a clue to the problem of their swimming. Nevertheless, 
we want to know beforehand what we ought to expect from these experiments. This is 
the reason why the attempts of the mathematical consideration of the simplified versions 
of the non-stationary boundary layers proved to be very fruitful (Lin, 1957, Faddejev et 
all, 1969, Jurava, Faddejev, 1973; Schlichting, 1969)

Let us briefly discuss two tasks. One of them is given in Schlichting’s (1969) book. 
It is the analysis of the flow of viscous incompressible fluid along flat surface; velocity 
of the fluid is composed of stationary and oscillating components:

U( x , t )  = U ( x ) + U l(x)sinco t, (4.15)

where co-2rtf,f is the frequency of the oscillation.
The solution of this problem shows that:
1. The longitudinal velocity of the liquid is composed of the stationary component 

and of the oscillating component, whose phase is shifted in relation to the phase of the 
outer flow and depends on the distance from the wall y.

2. The boundary layer of the oscillating component of the longitudinal velocity is 
defined by equation
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So = J — ’ (4.16)
V со

where v is the viscosity.
3. There is the additional gradient of the pressure given by the function

/ Ч 1 dUj - f  у  '

f ( x ' y ) = 2 V y  <4 -17>
V u у

f (  ОС]Fig. 4.8 shows the plot of the function r  ? , which is included into equation
l ° ° J

(4.17). It is evidently that this function obtains the greatest value by the wall, and therefore 
the pressure gradient does the same.

4. The profile of velocity in the boundary layer differs from the profile under the 
stationary flow conditions. This distinction depends on the amplitude U and on its 
derivative dUJdx  according to equation (4.17). In particular, when t7j=const, even 
oscillation of the outer flow at high amplitude can cause no alteration of average profile 
of the velocity because dU /dx = 0. and therefore the pressure gradient is also zero.

Perhaps some features of the oscillating outer flow along the flat surface anyhow 
can take place in case of the sea animals. Measurement of the velocity profile on the

Fig. 4.8. Graphical representations o f a function f  . (Redrawn from Schlichting, 1974).
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boundary layer along the body of a fish or a dolphin, which swims freely in water, seems 
to be valuable.

Another problem is the estimation of the possible influence of the stream non- 
stationarity on the friction resistance of the ellipsoid of revolution with elongation equal 6 
(Jurava, Faddejev, 1973). In order to solve the problem there was calculated the non­
stationary boundary layer on such ellipsoid under alteration of its progressive motion 
speed as

u=u„ i +дс/£<5, sin cot , (4.18)

where U() is the non-stationarity period average speed of progressive motion, AU  is the 
speed alteration amplitude, % are the factors that define figuration of the speed plot 
UQ(t). The three different laws of alteration of ellipsoid speed are shown in fig. 4.9.

The calculation demonstrates that non-stationarity of the ellipsoid progressive 
movement has quite small influence on the non-stationarity period average friction 
resistance.

4.1.2. Transition of a laminar flow into a turbulent one

In the previous paragraph we discussed a laminar flow. This flow exists only under 
subcritical values of the Reynolds number. This flow in the boundary layer is not affected 
by any disturbances. Whatever caused these disturbances, they damp inevitably and the 
vortices do not grow up. When the Reynolds number increases and reaches the critical 
value, the laminar flow is not steady already. Then some of the disturbances do not 
damp. There is such a range of frequencies in the spectrum of disturbances oscillations 
of which frequencies swell with the lapse of time and it eventually leads to turbulization 
of the boundary layer. Transition from the laminar flow to the turbulent flow is not an

Fig. 4.9. Ellipsoid movement. 1 -  harmonic, 2 -  fast acceleration and slow braking, 3 -  slow acceleration 
and fast braking. (Redrawn from Zhurava, Faddeev, 1973).
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instant one. There is an interval of the Reynolds numbers from the number, which 
corresponds to the limit of steadiness (neutral point), to the number that corresponds to 
eventual transition of the flow mode. The difference between the Reynolds numbers 
that correspond to the neutral point and to the point of transition is shown in fig. 4.10. 
When the turbulence proper to the incident flow increases, the point of transition and 
the neutral point converge. When the turbulence decreases, the point of transition moves 
from the neutral point to the marginal point, which corresponds to the marginal value of 
the Reynolds number. In case of a flat plate this marginal value ranges from 2.8 to 4 .106. 
When the Reynolds number is greater than specified, only the turbulent flow can exist 
in the boundary layer of the plate without gradient of the pressure. The dependence of 
the marginal value of the Reynolds number on the level of the incident flow turbulization 
is shown in fig. 4.11. When the turbulence proper to the incident flow is very small, 
formation and fast increasing of the almost sinusoidal oscillation in the boundary layer 
precedes the change of the flow mode from laminar to turbulent. Just before the point of 
transition the amplitude of this oscillation reaches very large value. At the point of 
transition the regular oscillation suddenly passes into irregular high-frequency fluctuation, 
which is a feature of a turbulent flow. If the turbulization proper to the flow is large 
enough (approximately 1%), then transition to turbulent mode of the flow is caused by 
accidental variations without any introductory sinusoidal oscillations. It is remarkable 
that the wavelength of the non-steady oscillation is large in comparison with the boundary 
layer width. The wavelength of the non-steady fluctuation is A is at least 68, where 8

Fig. 4.10. Transition of a laminar flow into a turbulent one in a boundary layer along a plane surface. 
(Redrawn from Schlichting. 1974).
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Fig. 4.11. Critical Reynolds number vs. a turbulence in the free stream. I -  laminar flow, II -  transition, III 
- turbulent flow. (Redrawn from Schlichting, 1974).

Fig. 4.12. Critical Reynolds number vs. A. (Redrawn from Schlichting, 1974).

is the boundary layer width. We can detect these unsteady sinusoid-like waves in the 
boundary layer of animals as they swim in practically motionless water medium. It is 
necessary that the turbulence proper to the medium to be less than a certain limit. This 
condition can be fulfilled if we conduct measurement on an animal in unruffled and 
relatively small reservoir.

The transition from laminar to turbulent mode of flow can be either accelerated or 
decelerated if we create positive or negative gradient of pressure along the surface
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correspondingly. If the gradient of the pressure is negative, the stability of laminar flow 
increases; if the gradient of the pressure is positive, the stability decreases. Dependence 
of the critical Reynolds number on the configuration parameter of the velocity profile in 
the boundary layer is shown in figure 4.12. It is defined by

A 8 2 dU
A = --------- (4.19)

V dx

and connected with the pressure gradient by Bernoulli equation: 

dp rTdUJL = - pU (4.20)
dx dx

Thus, the gradient of the pressure influences configuration of the velocity profile. 
Engineers who design the wing profiles and shapes of submarine vessels use this 
influence. The longer the boundary layer of such profiles stays laminar, the better. To 
gain this effect they try to move the site of the profile, where the thickness is maximal, 
as far backwards as possible. Doing so they increase the interval with negative gradient 
of the pressure and therefore increase the stability of the laminar flow.

4.1.3. Turbulent boundary layer

If the Reynolds number is greater than the critical value, then the flow in boundary 
layer is turbulent. In this case the velocity and the pressure in a fixed point of space vary 
very frequently and very non-uniformly. These variations of speed and pressure called 
pulsations, are the most typical symptoms of turbulence. But it does not mean that in the 
laminar flow there is no pulsation of speed and pressure. Reasons that cause pulsation 
in a turbulent flow are the same as in a laminar flow. These reasons are asperity, 
temperature non-uniformity, non-uniformity of density, and so on. But in a laminar flow 
the arising pulsation quickly damps and does not spread on nearby domains of the flow, 
whereas in a turbulent flow pulsation spreads on the whole flow, transforms into small- 
scale irregularity and damps due to viscosity. The level of pulsation in laminar flow 
may be greater than the level of the turbulent pulsation, but the spectrum of the laminar 
pulsation lies in the low-frequency area. We will return to the exact definition of relation 
of the levels and spectra of pulsation in laminar and turbulent flows after the concept of 
turbulence intensity will be introduced.

For illustration we can represent turbulent motion as the set (superposition) of vortices 
of different size. The upper limit of the vortex size is defined mainly by characteristic 
size of the flow or of the arrangement where liquid flows. In a boundary layer the maximal 
vortex size is of the same order as the thickness of the boundary layer, in a tube it is as 
the tube diameter. The lowest extreme is defined by the influence of viscosity. If the
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other parameters are equal, it decreases as the mean velocity of the flow increases. 
Inside of these smallest vortices the flow is already not turbulent but viscous. The leading 
part now belongs to the molecular effects. However it does not mean that the smallest 
size of the vortices is comparable with the average free path of a molecule. To explain 
this, we adduce some figures (Hintse, 1963). If the velocity of a gas flow does not 
exceed 100 m s'1, then the smallest size of the vortex is approximately 1 mm. This value 
is still very large as compared with the average free path of a molecule that has the order 
of 10'4 mm. The value of the speed pulsation is approximately 10% of the average 
speed. This value lies in the interval from 0.01 to 10 m s'1. These figures should be 
compared with the average speed of molecules, which in case of air has the order of 500 
m s'1. The frequency of the turbulent pulsation varies in the range of 1 + 104 Hz, while the 
frequency of contacts of air molecules is 5.109 Hz. We can see that the interval of the 
turbulence values is rather far from the range of the corresponding molecular values. 
The same can be stated for the pulsation in a liquid flow. We can represent the flow 
pulsation as the eddy movement, which overlays the average movement. Let us denote

the time average x-components of the velocity as jj and the pulsatory velocity as u, the 

у-components of the velocity as у  and v, the z-components of the velocity as yy and w, 

and the pressures as p  and p. Then in case of incompressible liquid we get the equalities

U  = U  + u, V  = V  + v, W = W  + w, p  = p + p .  (4.21)

The time average velocity is

,  'o + 'i

U \ u d t .  (4 22)

The averaging interval has to be long enough to make the mean value independent on 
time. Then the time average pulsatory values are zeros, i.e.

и = 0, v = 0, w  = 0, p  = 0. (4.23)

The pulsatory components of velocity and pressure in the boundary layer affect the 
mean parameters of the boundary layer. First of all, the deformation resistance quasi 
increases. In other words, the pulsation leads to virtual increasing of the viscosity of the 
average motion. We can write Newton’s law of friction for turbulent boundary layer like

t  . \ d U
T = w  + AJ —  > (4.24)
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where А т is the factor of turbulent exchange that imply the additional viscosity. The 
tangential turbulent quasi stress is defined by the pulsation of the velocity with the 
following equation

  ~dU
r  = - p u v  + n ~ -  (4.25)ay

Thus under the turbulent flow conditions, the tangential stress is composed of the two 
parts: the laminar one and the turbulent one. Directly at the wall

A  =  0. (4.26)

So, if у is sufficiently small value, then the viscous friction stress is much greater than the 

Reynolds stress ( -  puv).  The layer of liquid, where the condition

р » А т (4.27)
is fulfilled, is usually called the viscous under-layer. For a long time instead of the term 
“viscous under-layer”, there was used another one - “laminar under-layer”, as it was supposed 
that the flow within this under-layer is laminar. But the direct ultramicroscoping observation 
of the suspended particle motion in the liquid near the wall showed that the flow is not 
laminar and it is accompanied by the appreciable turbulent pulsation despite the fact that the 
profile of the mean velocity within the layer coincides with the profile of the laminar flow 
velocity. Therefore, now the term “laminar under-layer” does not seem apposite. Instead of 
“laminar under-layer” we use the term “viscous under-layer” (Monin, Yaglom, 1965).

The pulsatory motion significantly influents the velocity profile in turbulent boundary layer. 
The Blasius profile takes place in laminar boundary layer and in viscous under-layer, but here, 
if the Reynolds number is less than 106, then the velocity distribution is defined by equation

U  f  у  Y
i  • (4-28)

U~ [ S J

If the Reynolds number is greater than 106, and the laminar tangential stress is small 
in relation to the turbulent one, the other law is reasonable:

L  = 5.85 In ry+ 5.56, (4.29)

yF* * ITwhere 77 = ------ , V  = — , is so called dynamic velocity, which corresponds to the
V V p

tangential stress rg at the wall.
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The thickness of the turbulent boundary layer is

( l  J rV Y
<5(*)=0.37x . (4 30)

I  v

and the displacement thickness and the thickness of impulse loss is coupled with the 
thickness of the boundary layer by the equations

<5,(x) = ?<5(x) (4.31)
О

and

<52M  = y j 8 ( x ) .  (4.32)

The factor of the friction resistance for the flat plate with the boundary layer, which 
is turbulent from the leading edge, looks like

0.074

= - щ -  ( 4 J 3 >

We can use the law only when the Reynolds number ranges from 5.103 to 107. If there 
is a laminar interval of the flow along the plate, then the equation, which describes the 
factor of friction resistance, looks like

0.074 A

c' = 7 E T w  <4-34)

Prandtl-Schlichting law 

0.455 A

~ (lgRe,)2'58 Re, <4J5)

is used if the Reynolds number has order of 109.The value of A in this and in previous 
equations depends on the critical Reynolds number. It is shown in the table 4.1.

The relations described above are reasonable for a completely plain plate. Any asperity 
increases the friction resistance. The graphs in fig. 4.13 and fig. 4.14 show the laws of 
the friction resistance of the plates with the roughness of sand size. There are shown the
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RCcm 3.105 5.103 106 3.106

A 1050 1700 3300 8700

Fig. 4.13. Full friction resistance factor of the plate with the roughness of sand size vs. the Reynolds 
numbers and the relative roughness. (Redrawn from Schlichting, 1974).

dependencies of the full and local friction resistance factors on the Reynolds numbers 
and on the relative roughness. In order not to affect the friction resistance, the roughness 
must be less than a certain value. The allowable values of the roughness for different 
values of the Reynolds numbers are shown in the table 4.2. The height of the roughness 
is given in relation to the plate length.

For example: The roughness of a newly launched vessel is on average 0.3 mm. Under 
the high Reynolds number, which characterizes vessels, such roughness increases the 
friction resistance approximately by 30d-45% in relation to the resistance of the 
hydraulically smooth surface. The biofouling of a vessel increases the resistance 
approximately by 50%.

Table4.1. Values of aparam eter A. (From Schlichting, 1969).
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Fig. 4.14. Local friction resistance factor of the plate with the roughness o f sand size vs. the Reynolds 
numbers and the relative roughness. (Redrawn from Schlichting, 1974).

Re 10s 106 t o 7 10s l(f

M 10'3 10'4 1(Г5 ltr6 10'7

4.1.4. The statistical features of hydrodynamic fields

Hydrodynamic fields and turbulent fields in particular are kind of stochastic fields. 
The stochastic field is the field of random multivariable function. The turbulent field is a 
field of pressures and velocities. Pulsation of pressure is a scalar continuous random 
function  o f space and tim e p (x ,y ,z ,t) ,  pu lsation  of velocity  is a vector

U ( x , y , z , t ) continuous random function. If we consider coordinates of the vector j j  ,

we can describe the vector field with three scalar fields. If averaged characteristics of 
stochastic field do not depend on time, then the field is a stationary field. If averaged 
characteristics of stochastic field depend on time, then the field is a non-stationary field.

A field can be either uniform or non-uniform. If averaged characteristics of stochastic 
field do not depend on coordinate of point, then the field is uniform. Averaged characteristics 
of a non-uniform stochastic field do depend on coordinates of a point.

Table 4.2. Allowable values of the roughness for different values of the Reynolds numbers. (From Schlichting, 
1969).
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A field can be either isotropic or non-isotropic. Statistical characteristics of an isotropic 
field do not depend on the vector of difference direction of points’ coordinates. Statistical 
characteristics of a non-isotropic field do depend on the the vector of difference direction 
of points’ coordinates (Monin, Yaglom, 1965).

In case of a real viscous liquid, viscosity of the liquid causes transformation of kinetic 
energy into warmth. Therefore, the turbulent flow is dissipative by nature. If there is no 
external continuous power supply, which is needed for continuous stimulation of turbulent 
movement, then the movement is degenerated. Another effect of viscosity makes the 
turbulence become more uniform and less dependent on direction. In extreme case the 
turbulence in all domains of the flow field is numerically of the same structure. Then the 
turbulence is called uniform. If the statistical characteristics of the turbulence do not 
depend on direction and the turbulence is quite irregular, then the turbulence is called 
isotropic. In this case average shear stress does not exist. Therefore there is no gradient 
of the average velocity. If the mean velocity exists, it is constant on the whole flow field.

If the mean velocity has nonzero gradient, the turbulence is anisotropic. Since the 
gradient of the average velocity is bundled with the existence of the mean shear stress, 
this kind of flows is often denoted as turbulence in a shear flow. The wall turbulence 
and anisotropic free turbulence belong to this kind of flows.

If the turbulence is isotropic and if we count the number of amplitudes of the certain 
value in the velocity (or pressure) pulsation oscillogram then we get the curve of the 
Gaussian distribution. For a common case of the turbulent shear flow (i.e. anisotropic 
turbulence) this distribution is more or less asymmetrical, i.e. the random process of 
such turbulence strictly speaking is not a Gaussian process. But it does not mean that in 
this case the methods of analysis of the normal processes are not applicable. We can 
analyze such process, if we normalize it with filters.

The general feature of the turbulent flow is its intensity. Let us denote the instant 
velocity value by

U  =  U  +  u, (4.36)

where the score above denotes the mean value. For a turbulent velocity pulsation the 

equality и = 0 is right. The same equality is also right for the pressure pulsation. We can 
use the mean value of the pulsation magnitude as the measure of the pulsation intensity

\a\ . But usually the mean-square value is used as the intensity of turbulent pulsation

37 (4-37)

or
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(4-38)

Then the relative intensity, which sometimes is called “degree of turbulence” or “level 
of turbulence”, is defined with equation

л/7
—  (4.39)

U

or

/ 2
(4.40)

я

p U 2
where q = —- — is dynamic pressure, JJ is the flow velocity, p  is density of the medium.

The average values can be defined in different ways. If the turbulent flow is a stationary 
one, we can use the time averaging. If the turbulence of the flow is a uniform one, we can 
use the space average. But if the flow is neither stationary nor uniform, then it is not 
always possible to average over the space or over the time. In similar cases we can suppose 
that the average is defined on the great number of tests, which are performed under the 
same initial and boundary conditions. In these cases the average is an ensemble average.

Let us consider the mechanics of the energy transfer from the average movement to 
the pulsation of the velocity and pressure. The power of the average movement is 
transferred directly to the longitudinal pulsation of the velocity only. The transversal 
pulsation of the velocity gets its power from longitudinal pressure pulsation, which 
redistributes power between the pulsation of different directions. Thus the trend to the 
isotropic pulsation motion is formed. For example, if two neighbouring elements of the 
liquid (like fig. 15) move along the average flow direction towards each other, then the 
positive pressure pulsation arises in the domain between them ori account of their energy. 
This growth of the pressure leads to liquid drain in transversal directions and to transversal 
velocity pulsation components arise, (Monin, Yaglom, 1965).

As we mentioned above, the level of the velocity and pressure pulsation in the laminar 
boundary layer is not zero. However it is significantly less than one in the turbulent 
boundary layer. We know from experience that under the same flow velocity the mean 
square pressure in the laminar boundary layer is at least six times less than the 
corresponding pressure in the turbulent layer
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Fig. 4.15. Mechanics o f the energy transfer from the average movement to the pulsation of the velocity 
and pressure. (Redrawn from Monin, Yaglom, 1965).

i-------kadL > кVY) (4 '41)
\  J la m

For the adequate estimation of turbulence intensity it is important to know that in
general the pulsation of the velocity amounts to 5+10% of the average velocity of the
incident flow. The mean square pressure pulsation suits the equation

Ik—  = c ,R e v, (4.42)
4

о  _  Uxwhere 4<e -  —  . The value of the factor c, in the domain of the automodel boundary 
v 1

layer estimated for the experimentally derived data at the Reynolds number of 1.5 + 106
and above is in the range of c = 0.6 + 0.8.

The distribution of the velocity and the distribution of the tangential stress turbulent
pulsation of the longitudinal flow over the boundary layer thickness are shown in fig.
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Fig. 4.16. Distribution of the turbulent velocity pulsation in a boundary layer on a flat plate: 1 - ;2

v 2 ylw 2 UV u
; 3 - ; 4 - TJ2 ; 5 - 77 . (Redrawn from Schlichting, 1974).

’ £/« ’ ’ u „  ’ '  u i '  и

4.16. These distributions take place without longitudinal pressure gradient on the flat 
plate. The value of the turbulent tangential stress on the wall coincides with the local 
friction coefficient

——г = ——т  ~ 0.0015. (4 43)
p u :  U:

We have introduced the concept of the turbulent vortices of different scales. Numerical 
definition of the turbulence scale is bound with the correlation of the velocity (pressure) 
pulsation in the studied region of the flow. The coefficient of correlation between the velocity 
and pressure pulsation is the measure of this bounding. If we find the space distribution of the 
correlation coefficient, we can estimate the space structure of turbulent perturbations and at 
the each stage of vortex disintegration we can find its scale. In case of stationary uniform 
field the correlative function is a function of four variables: R (x-xv y x-yv z t-z2, Here 
x x-x2 = ^ , y ]-y2= t], zx-z2 = С are the distances between the points of measurement along the 
coordinate axes, and t - t2= r is  the time interval between the moments of measurement (the 
time delay). In general the spatio-temporal correlation coefficient of the velocity or pressure 
pulsation is considered to be described by equations like
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R

R,

K w{%’11’£ ’r ) =

R.

p x(xx, y x, z x,t \ )p2{х2, у 2 ^ 2 ^ 2 )
2 / 

°\ V 1

Щ ("T I )U2(x2, y 2 ,z2 , t2)

2 1 
u\ v Uj
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V 1
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Ц (-^i i b (x2, y 2,z2, t2)

2 / 
V4

ux(xx, y x, zx,t i b (- 2̂ ’ T2 ’ Z2 •> ̂ 2 )
2 1 U\ yj 2w2

Vx(xv y x, z v tx1V 2Ь ’ T2 ’ -̂ 2 T 2 )
, 2 / 2  /V, Vw2

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

In real experimental studies our devices can measure only a one-dimensional function 
of a single variable and so we differentiate the following one-dimensional functions, 
which characterize the stationary uniform field:

1. The function of temporal correlation, which is in fact the autocorrelation function 
of a signal measured in a single point of the field:
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2. The single-coordinate function of spatial autocorrelation:

П f e n  o o f
H lb A O ’Oj = —  F T T f -------------- ’ (4.52)

У Pi У Pi

and all that.
In the same way we can write the equations for the case of velocity pulsation. The 

autocorrelation function can be characterized by the correlation window (or the 
correlation time) r0. If the temporal interval between the two moments of the velocity 
(or pressure) measurements is greater than T(), then we can consider these measurements 
to be uncorrelated.

The spatial mutual correlation can be characterized by the correlation window or by

the correlation radius: d 0 = лj<Д2 + Vo + Co ■ correlation radius is defined by the

certain distance. If the span between the measurement points is greater than this distance, 
then we can consider the pulsations to be uncorrelated.

If the field is anisotropic the correlation windows, measured in different directions, 
are different.

The autocorrelation function defines the total turbulent power or the mean square 
pulsation pressure in the common frequency band, while the Fourier transformation of 
the autocorrelation function gives the resource to calculate the spectral density of the 
pulsation power. The spatial correlation in some frequency band gives us the possibility 
to view average vortex size that corresponds to this frequency band. Drop in the 
correlation, as the span between the measurement points increases, lets us view the 
average spread of coherent action of turbulent liquid mass. If we fix the lags for optimal 
delays and the certain frequency, we can evaluate the convective speed of transfer of 
vortices of a certain scale. We can ascertain degree of vortex degeneration, using the 
correlation maxima envelope. Knowing the time-spatial correlation function, we can 
easily obtain the scales of the turbulent vortices. Usually we confine ourselves to 
longitudinal scale and two transversal scales, which are defined by the integrals

, _ J u l(xt , y l, z 1,t)u2(x1 + £ , y x, Z{, t ) j z
x J Г г  ГТ  (4.53)0 yjux yjU2
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0 V WI V W2

These scales are applied to the large-scale vortices. They are “large scales”. The 
shape of the spatial correlation function around the point, where the differentiation is 
almost equal to zero, contains information on the scales of the small vortices. The shape 
of the spatial correlation function around the point with almost zero differentiation is 
defined by the equation

R„g,0,0,0) = l - £  (4.56)
A

where Xx is the small scale of the turbulence in the longitudinal direction, and also the 
smallest vortex size. The transversal direction scales are defined like this. Relation 
between the turbulence scales depends on the degree of the turbulence degeneration. At 
the final stage of degeneration X and L have the values of the same order. They are 
bundled by the equation

A = i S v t  = J - L .  (4.57).
V л

At the initial stage of degeneration X and L are bundled by the equation

L  ___ Ayfu2 A _ 1

7  V L (4.58)

The values and ^ ау ro|e Gf р1е turbulence Reynolds numbers
V V

for the discussed kind of motion (Loytsyansky, 1973).
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Measurements in the boundary layer show that apart from the region close to the 
wall the value of L is approximately proportional to the thickness of the boundary layer 
(Petrovsky, 1966). For the majority of measurements L ~ 0.45.

We can estimate the scale L of middle-sized vortices by equation L ~ U/f, where U is 
the flow sp eed ,/is  frequency.

In a turbulized flow the power of the mean movement is transformed to heat by 
power transfer from a large-scale turbulence to a small-scale one. Fig. 4.17 shows the 
frame of this process.

The vortices of different scales have different energy. The curve of the energy density 
distribution has a maximum. The maximal energy does not fit the greatest vortex. The 
spectral density of the turbulent energy under the high Reynolds number is shown in fig. 
4.18. It depends on the wave number, which is defined by the equation

Fig. 4.17. Scheme of the energy transfer from the average movement and a large-scale turbulence to a 
small-scale on. (Redrawn from Petrovsky, 1966).

Fig. 4.18. Spectral density of the turbulent energy under the high Reynolds number vs. a wave number k. 
(Redrawn from Hintse, 1963).
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, 2 rtf
k = 4 f '  (4-59)

w here /is  the frequency that characterizes the vortex of a given size, j j  is the mean 
velocity of the flow. We can split the whole range into a few intervals.

1. The small wave numbers interval. At the beginning of this interval the spectral 
density is proportional to к4, and at the end - to k. The share of this part is about 20% of 
the turbulent energy.

2. The higher wave numbers interval. The most powerful vortices are in this interval. 
This interval is the interval of the maximal spectral density of the energy.

These two intervals represent the macrostructure of the turbulence, which depends 
upon the turbulent flow formation mode, i.e. on the external conditions. The higher wave 
numbers define the turbulence microstructure, which does not depend on the external 
conditions. These higher values form the so-called interval of universal equilibrium. This 
interval, in turn, is divided into two:

1. The inertial interval, where the Kolmogorov spectral law effects

E ( k , t ) = k y\  (4.60).

Fig. 4.19. The energy spectrum of the longitudinal velocity pulsation in the turbulent boundary layer at a

flat plate vs. a wave number к: 1 - — = 0.8; 2 - = 0.05. (Redrawn from Hintse, 1963).
8
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2. The dissipation interval, where the Heisenberg spectral law effects 

E ( k , t ) ~  kT1. (4.61).

The vortices that correspond to the inertial subregion are actuated because of energy 
transfer by the inertia forces from the large vortices.

Cited above schematic structure of the turbulence is hypothetical in many ways. It is 
developed in the works of Kolmogorov, Heisenberg, Karman, Lin, Betchelor, Taunsend 
and others. This structure is proved by experiments, especially in the interval of universal 
equilibrium. In this interval the turbulence does not depend on external conditions and 
is locally isotropic even if the whole turbulent flow is not isotropic (in reality this case 
occurs more often). Due to its relative simplicity, the isotropic turbulence is studied 
better than any other case both theoretically and experimentally. But even if we deal 
with nonisotropic microstructure of real turbulence, or if the turbulence is nonisotropic in 
the major part of its spectrum, then we can consider this turbulence isotropic at a first 
approximation. The difference between the theoretical and experimental results in this 
case is often so small, that at the first approximation it can be neglected. This discrepancy 
is sometimes even less than the scattering of the experimental data.

The readout of the experiments is mainly the microstructure of the turbulence, because 
the measurements under very small wave numbers are difficult. Therefore the measured 
energy spectrum of the turbulence differs from the spectrum in fig. 4.18. The energy 
spectrum of the longitudinal velocity pulsation in the turbulent boundary layer at a flat 
plate is given for example in fig. 4.19 (Hintse, 1963).

4.2. Methods and devices for analysis of random processes

We discussed above the foundation of the hydrodynamics. It was information about 
the boundary layer and its fine structure. The most reliable information on features of 
the flow around the bodies of aquatic animals can be obtained as a result of boundary 
layer fine structure studying.

It does not seem possible to describe the boundary layer fine structure in deterministic 
terms, so we have to treat it as a random field. Furthermore, the pulsation of the velocity 
and pressure in the boundary layer of a living object is generally a non-stationary random 
field. We considered in the foregoing some specific characteristics of a hydrodynamic 
random field. To describe the methods and results of the biohydrodynamic researches, 
we have to analyse the random process in general, its characteristics, methods and 
devices for its studying, and we will do it in this part of the chapter, where the results of 
G. Ya. Mirsky, V. E. Gmurman, A. K. Novikov, V. V. Olshevsky and others are used. 
The basic random processes theory and correlation analysis determinations are taken 
from the works Mirsky (1972) and Novikov (1971).
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4.2.1. Brief information about random processes and their characteristics

A process, which parameters vary in time by chance, is called the random (stochastic) 
process. The parameters can be of physical, chemical, physiological and other nature. 
The random function of time or space or both of them describes the random process. We 
can represent the random function as infinite set (ensemble) of functions, where each of 
them is a possible realization of this random function.

Let us introduce the next denotations: X(t), Y(t), Z(t) are random functions; x(t), y(t), 
z(t) are realizations. Thus, a random process, which is described by random function 
X(t), is the set of realizations x j t ) ,  x2(t),... x j t ) .

Generally speaking, the stochastic characteristics of one realization do not give the 
complete vision of the corresponding stochastic characteristics of the random function 
as a whole. Nevertheless, under certain conditions we can get satisfactory notion of the 
random function on the base of the single realization.

The random processes can be both stationary and non-stationary. Process is called 
stationary, when the stochastic characteristics (time averaged) of the process do not 
fluctuate, when the time is shifted, i.e. the time t is substituted with the time t+z, where 
ris  a voluntary time interval. If stochastic characteristics of the process are functions of 
time and depend on the initial time, such process is called non-stationary process.

The turbulent noise in a steady-state turbulent flow is an example of a stationary 
process. The noise given by hydrophone when a vessel is passing by, is an example of a 
non-stationary process.

The ergodic hypothesis, treated in the classical sense, is acceptable with respect to 
many real random processes. The stochastic characteristics of an ergodic process can be 
obtained as a result of time averaging of one realization, whose duration is large enough. 
The ergodic property is very important for the technique of instrumental analysis of 
random processes, since it gives a possibility to replace ensemble averaging with time 
averaging. A stationary turbulent noise in particular is considered an ergodic process.

A random process is determined by a set of numerical and functional characteristics.
The probability distribution function is the probability that the value of the random 

process, which is described by random function X(t), at the fixed moment t = t is less 
than voluntary: x. This function is also called an integral distribution law of a continuous 
random process. It is defined by equation

F(x,f1)=P [A (f1) < x 1], (4.62)

where P[ ] means the probability of what is shown within the brackets.
The probability density function is the probability of the event that any value of a 

random process at the moment t is between x and x+dx

w (x ,ti)=  dF ^ \  (463)
dx
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The main features of the probability density function are 

w (x,f)>0 (4.64)

at any x

J w(x,t)dx = F(x,t), (4 65)

J" w(x, t )dx = 1 (4.66)

If possible values of a random variable belong to the interval [a, b], then

b

J w(x, t )dx — 1. (4 67)
a

The corresponding plot of the integral distribution law of a continuous random process 
and the probability density function is shown in fig. 4.20.

Fig. 4.20. The integral distribution law of a continuous random process (a) and the probability density 
function (b). (Redrawn from Gmurman, 1963).
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The average of a random function is a certain mean function, around which all­
possible realizations of a random function gather.

The average of the random function X{t) can be evaluated by the equation

m x {t) = М [X (/)]=  J xw(x,t)dx,  (4.68)

where w(x,t) is the density of probability, M  is the denotation of probabilistic average. 
The probabilistic average of a stationary random process does not depend on time. It is 
a constant number. If a random process is not only stationary but also ergodic with 
respect to probabilistic average, then the ensemble average of such process is equal to 
time average, defined by one realization

M [ x { t ) ] = 4 t ) .  (4.69)

The time average x(t)  is evaluated with equality

1  T

x k ) = ^ ™ 2 T \x(t)clt, (4.70)

where 2T  is the interval of integration.
If the studied random process is either the electric potential or the electric current, 

then the mean value is the direct component of either the voltage or the current.
Dispersion is the characteristic of variation of possible realizations of random function 

around the mean value. It is defined by expression

D [ x  (t ) ] = M {[x ( t ) - m x ( O f  }= j [x “  m x ( O f  w(x,t)dx. (4 .7 1 )

If the random process is stationary and ergodic, then the expression for dispersion 
looks like

D [x  (<)] = ? / ) - R i f  ■ (4.72)

This dispersion is a constant number.
If the studied random process is either the electric potential or electric current (load

resistance is equal to 1 Ohm), then the expression m em berx2(0  >s the complete mean 

process power, the expression member [x (/)f corresponds to the power of the direct
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component, and the dispersion D[X{t)\ corresponds to the power of the alternating 
component.

The mean-square value is often used in practice. It is the positive value of the square 
root of dispersion

C T x= ^D [x ( t ) \ .  (4.73)

It is clear that if the process corresponds to the electric potential, then the value of ox 
is the mean-square (effective) value of the alternating component of this potential.

Now we can proceed to definition of normal random process, which covers a wide 
range of phenomena. This process is often observed in radio and hydrodynamic devices.

Random variable is called normal, if its probability density is

j - 4 -

4 )  =  7t=  e 2CTx • (4.74)
О x л/ 27Г

We can observe a similar distribution law in all the cases when we treat the studied 
process as a sum of many independent (or weakly dependent) random variables if there 
is no component that greatly exceeds the others.

The three curves for the three values of a are shown in fig. 4.21. They give the 
examples of normal curves (Gaussian curves).

Fig. 4.21. The probability density function for the three values o f a \  1 - ax = 1; 2 - as = 2; 3 - ax = 4. 
(Redrawn from Gmurman, 1963).
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There are many other distribution laws besides the normal law. There are Poisson 
distribution, Cauchy distribution, gamma distribution laws, Rayleigh distribution, distribution 
chi-square (x2), etc. When we are studying anon-normal distribution, we need to estimate 
this difference numerically. Special characteristics are introduced for this purpose, such 
as skewness and kurtosis of distribution. These values are zeroes for a normal distribution. 
Therefore, if these characteristics of a studied distribution are small, then we can assume 
that the distribution is almost-normal. The coefficients of skewness and of kurtosis are 
defined correspondingly by expressions

J M O  — m x (f)]3 w (x,t)dx
A = —   , (4.75)

° x

I  W O  -  m x w (x,t)dx
E  = “    .........   (4.76)

4

The coefficient of skewness describes asymmetry of the distribution curve. The 
skewness is positive when the longer part of the distribution curve is located to the right 
from the probabilistic average (fig. 4.22, a), the skewness is negative when the longer part 
of the distribution curve is located to the left from the probabilistic average (fig. 4.22, b).

The coefficient of kurtosis gives the estimation of abruptness of a distribution curve. 
If the coefficient of kurtosis is positive, then the curve peak (fig. 4.23, 2) is higher and 
sharper than the normal distribution peak (fig. 4.23, 1), if the coefficient of kurtosis is 
negative, then the curve peak (fig. 4.23, 3) is lower and more flat than the normal 
distribution peak.

Let us point out some features of normal random process.
1. Normal process is completely defined by the law of probabilistic mean and 

correlation function time variation.
2. The sum of two normal processes is also a normal process.
3. Uncorrelated normal processes are independent.
4. Linear transformation of a normal process does not alter its nature.
5. Probability distribution of the derivative of a stationary normal process, which is 

defined by a continuous differentiable function, is also normal.
6. Nonlinear transformation breaks the normal property of a process.
7. If a non-Gaussian process is passing through a narrow-band linear system, it 

becomes a normal process. It can be the way of normalization of a non-Gaussian process 
if its spectrum is smooth.
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Fig. 4.22. The asymmetrical distribution curves: the skewness is positive (a) and negative (b). (Redrawn 
from Gmurman, 1963).

Fig. 4.23. The distribution curves with a different coefficient of kurtosis: 1 -  the kurtosis is equal to zero; 
2 - the kurtosis is positive; 3 - the kurtosis is negative. (Redrawn from Gmurman, 1963).
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Correlation function characterizes the level of linear relationship between the random 
process samples taken at different time moments. In general case, it is the two-argument 
function of ^ and t

Index X  in the left part of the equality (4.77) indicates which random function correlation 
function corresponds to. Correlation function (4.77), obtained by ensemble averaging, is 
often called a covariance function. A time correlation function, obtained by time averaging 
of a single realization, is called a correlation function. The equation for such function 
looks like

Here the difference x( t )=  x ( t )—m Y (t) *s centered random function, т = t2- is the

If the random process is stationary and ergodic, then the correlation function coincides 
with the covariance function (4.77).

Correlation function (4.78) characterizes relationship between the separate samples 
of a single random process. Thus it sometimes is called autocorrelation function.

Interaction between values of two random processes X(t) and Y(t) is characterized 
by joint correlation function, that is defined by equation

The normalized autocorrelation function and normalized joint correlation function 
look like

К x (/, ,t2) = M $ X (/, ) - m x (/, )J x (t2) - mx (t2)]} (4.77)

-T
(4.78)

lag.

К xy  {t\-12) M  {[a (7,) mx (/, )lK(c) hi у (с )]}. (4.79)

(4.80)

and

(4.81)

When a process is ergodic and stationary, the normalized autocorrelation function 
and normalized joint correlation function look like
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R x ( ? )  =
K x b )

— , (4.82)

D (T \ _  KXY (T )
R x r V ) -  ~  G ■ (4.83)U Yu у

Autocorrelation function of an ergodic and stationary process has the features, that 
are listed below (Novikov, 1971):

1. Autocorrelation function is an even function

Kx (t)  = Kx (- t ) .  (4.84)

2. The value of Kx{0) gives dispersion of the process. Dispersion does not depend on 
time due to stationarity of x(t),

K x (o)= x 2{t)= x 2( t+t). (4.85)

3. None of values of K J t) can exceed K (O').
4. For a purely random process

K x ( t ) —> 0 when т  —> o o . (4.86)

5. Normalized correlation function

R (~ ) — ^ x ^  ̂
A ) ~ ^ M  (4 87)

has the following features

Rx(0) = 1 and - 1 < Rx ( t) < 1. (4.88)

6. Correlation function of the sum (difference) of independent processes is equal to
the sum (difference) of correlation functions of the addends

^(x+y) W  + ^ yO). (4 -89)

7. Correlation function of a derivative process is equal to the second derivative of
sign inverted correlation function of original process

K \ ( f ) = - K ” (T). (4.90)
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8. We can treat autocorrelation function as the Fourier transform of spectral function 
G{(0), which is called a spectral density of power or an energy spectrum (Wiener-Khinchin 
theorem):

K x  ( 0 =  Y  J G v {a>ym d(0, (4.91)

G x (oo)= ] к х ( т У итс1г. (4.92)

9. If values x(t) and x(t+T) become practically uncorrelated when x becomes greater 
than r , then the time interval rQ is called correlation window. According to the nature of 
the task we use one of the following definitions of the correlation window:

integral correlation window

To, =  J X  (4.93)
0

absolute correlation window

1  OO oo

hm = ~  j \Rx ( A dT  = 1 \R X  № * >  (4.94)
1  -OO 0

quadratic correlation window

4  = l Rx (T)dT, (4.95)
0

correlation window at the level of e\ if т > t 0(£), then

|Rx (t ) < £- (4 -96)

Usually p =  Ue~  0.37. This value is convenient for calculation. Sometimes ц = 0.1. 
The choice of either of the two equations is made on the basis of convenience and 
simplicity of calculation.

The correlation window is bundled with the effective width of spectrum by the general 
relation
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Fig. 4.24. Spectrograms (a,b,c) and autocorrelation functions (d,e,f) of the compound process (harmonic 
process and noise) is shown in the logarithmic scale. (Redrawn from Novikov, 1971).

A F tq =r\ -  const. (4.97)

While estimating we consider 1/ to be equal to 1.
Another definition of correlation window is very convenient when correlation function 

is oscillating. Here the correlation window is abscissa T()of the first zero of the correlation 
function envelope.

10. Autocorrelation function of a harmonic signal is also harmonic function of the 
same period. Autocorrelation function of any periodic process is also a periodic function 
with the period that equals to the process period.

11. Autocorrelation function of the sum of a periodic and noise processes is the sum 
of correlation functions of both processes. Correlation window T()of noise is limited and 
defined by its bandwidth and by the shape of noise spectrum, while correlation window 
of a periodic process is limitless. Therefore if a delay exceeds r0 then the resultant 
autocorrelation function only depends on the periodic process. We can see this in fig. 
4.24, where the sample of absolute value of autocorrelation function of compound process 
is shown in logarithmic scale. Thus in this case the correlator acts as a filter with a very 
narrow bandwidth. It permits us to detect all hidden periodicities analyzing only one 
realization of the process. Unlike analysis with real narrow-band filter, the correlation 
analysis does not require the slow readjustment of the filter when the analyzed signal 
frequency slightly varies.

The examples of autocorrelation functions of some noise processes are shown in fig. 
4.25
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Fig. 4.25. Spectrograms of the noise in the logarithmic scale (a), autocorrelation functions in the linear (b), 
logarithmic scale (c) and oscillograms (cl) at the output of the different filters. (Redrawn from Novikov, 1971).

Cross-correlation function of stationary ergodic random processes has the following features:
1. It is not even, but

F xy(t) = F yx(-t). (4.98)

In practice it means that interchange of processes implies the lag sign reversal.
2. The absolute value of cross-correlation function satisfies the relation

М Ф Д Л 0 ) K M  (4.99)

Statistic relationship between processes in the frequency domain is defined by their 
cross spectrum, which is Fourier transform of their cross-correlation function

F-xy( 0 = 2^. d(0, (4.100)

GXy(co)= ] К ху{тУтг dr. (4.Ю1)

Complex spectrum of random process realization is defined by equation
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S{co) =  J  x(t]e~i0" d t . (4.102)

Absolute value |S(x)| is called spectrum. The function S(co), which is calculated

according to the equation (4.102), is a spectrum of a realization of random process. 
When we study a random process with some apparatus, we get a current spectrum of the 
realization

t

S(co , t )  =  j  x(t ]e~>a)'dt. (4.103)
о

This spectrum is a random function. In order to characterize random process integrally 
the concept of power distribution (power spectrum) is used. This spectrum is not a 
random function of frequency. Power spectrum (energy spectrum) is a frequency 
distribution of mean power.

Power spectral density Gx((0) is associated with correlation function К (x) by the 
couple of Fourier transforms (4.100) and (4.101). Power spectrum can be expressed 
through current spectrum

G ( ( o ) -  \ i m  x m [s 2(co, T )] (4.104)T— J

The concept of instant power spectrum is also used:

A { ( o , t ) =  ~ S 2(co,t), (4.105)
dt

where S(co,t) is absolute value of the current spectrum.
Power spectral density is related with instant power spectrum by the equation

G x (со) =  м  lA(ft),0]. (4.106)

The power spectral density of a stationary random process has the following main 
features:

1. Power spectral density is nonnegative

Gx (ft))>0. (4.107)

2. When dispersion of a random process is limited,
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! inl G * Y ) = 0 - (4.108)

3. Spectral density is a real function of со.
4. Spectral density is an even function

Gx (a))- Gx (-со). (4.109)

5. The power spectral density integral equals to dispersion (mean power) of the 
stationary random process

J'G x (co)dco = D [ x ( t ) ]  (4.110)

6. Variation of the scale m of argument т leads to inverse variation of the frequency 
scale and of the power spectral density magnitude, i.e. if Kx(x)= K{(mt), then, respectively,

(4Л11)
m у m

7. Power spectral density Gy(co) of a process at the output of constant parameters 
linear system is related with power spectral density Gx(co) of the process at the input of 
the system by expression

G x ( co) = W2(co) G x (co), (4.112)

where W(co) is the absolute value of the system transfer function.
The cross spectral density of stationary ergodic processes X(t) and Y(t) is Fourier 

transform of cross-correlation function of these processes. It has the following features:
1. It possesses complex values

G xy (CO) = Qxy (CO) - ipXY(co). (4.113)

Its real part Qxy(co) is an even function of со, and its imaginary part PXY(co) is uneven 
function

Q xy YO — W )]— )  К XY (z)cosCOzdz, (4 ,114)
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p xv(oj)= \m[GXY{o))]= j  K XY(z)smcozdz.  (4.115)

2. Integration of the cross spectral density G (of) over infinite domain of (0 gives a 
cross dispersion of the random processes:

J G xy {co)dco = D[X(t), Y ( t)] -  K XY (0) (4. i i 6)

3. Variation of the scale of the argument Tof the cross-correlation function К (z) 
affects the cross spectral density Gxy(coi) likewise the variation of the autocorrelation 
function Kx(z) argument scale affects the power spectral density Gx(of).

4. The cross spectral densities GXY(co) and Gyx((0) are the complex conjugate values. 
They are bound by the relations

Gyx{oj) = G xy( - cd), (4.117)

G xy{co) = G yx( - oj} (4.118)

The probabilistic characteristics, which are listed above, are nonrandom values or 
functions. They are defined either by virtue of ensemble of infinite large number of 
realizations or by virtue of a single realization of limitless duration, if the process is 
stationary and ergodic. In practice either the number of realizations or the duration of a 
single realization of a random process is always limited. Therefore in reality any statistic 
characteristic, obtained with any device, differs from the probabilistic characteristic, 
which is the object of measurement. The measured probabilistic characteristic is assumed 
to be a search value and is called an estimation of a true probabilistic characteristic.

There are various types of estimations according to the methods of analysis 
instrumentation (Mirsky, 1972).

1. Unbiased estimation gives a value, whose mean coincides with the true value of a 
search characteristic. Thus, if /Д х )  is an estimation of a distribution function, and F(x) 
is the true distribution function, then under the condition

M[F*(x)\=F(x), (4.119)

the estimation F*(x) is unbiased. The difference

AF(x)=M[F*(x)]-F (x) (4.120)

is called the bias of an estimation. If this difference is nonzero, then the estimation is 
called biased.
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2. Efficient estimation gives a value, whose dispersion is minimal, i.e. the dispersion 
of this value is less than the dispersion of a value given by any other estimation under 
fixed number of realizations or fixed duration of analysis.

3. Sufficient estimation is an estimation, which uses all the information about evaluated 
probabilistic characteristic contained in the experiments.

4. Consistent estimation is an estimation, which converges in probability to the 
evaluated probabilistic characteristic when either the number of experiments or the 
duration of measurements grows unlimited.

Estimation of a certain parameter, which is a number, is called a point estimate. In 
parallel to this, if an estimation of a probabilistic characteristic is a curve, this estimation 
is called a point estimation too. In practice the point estimation is often considered as a 
probabilistically true value. For example, the estimation of a probabilistic mean m*x, 
which is obtained with hardware analysis, is considered to be the true value of m*x. 
Unavoidable fallibility accompanies this operation

A m x = m x —m x (4.121)

Thus there is a question about accuracy and reliability of this estimate. The gauge of 
reliability is so called belief probability Д which is the probability that the absolute 
value of the discrepancy continues to be less than some value V, which defines the 
accuracy of the estimate

P[\Am x | < v] = Д  (4.122)

Equality

p\nix —v < m x < m x + v j=  P, (4.123)

shows that probabilistically true value belongs to the interval from m * -  v to m* + v 
with probability Д  This interval is called confidence interval, and its bounds are called 
confidence limits.

Dispersion and mean-square deviation of an estimate, which are absolute errors, are 
often used in the theory of random processes as indicators of accuracy. Sometimes 
normalized mean-square errors are used too. The normalized mean-square error is the 
ratio of the mean-square deviation to the true value of the measured characteristic. 
Sometimes the reduced error, which is the ratio of the absolute mean-square deviation 
to the maximal value of the measured characteristic, is also used.

Let us discuss some methods of measuring of the mean value, dispersion, mean- 
square deviation, spectrum and correlation functions of a random process.
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It is easy to define the mean value (probabilistic average) on the base of one realization, 
keeping in mind that the ensemble mean of an ergodic process equals to the time average 
of one realization

1 r
M  [X (t)] = lim —  I x(t)dt, (4.124)

г-хоо 2T

if this limit exists. It is assumed that realization has limitless duration. In fact any realization 
is limited in time. The measurement based on the formula

1 r
m x = - ) x ( t ) d t ,  (4.125)

t  о

which gives the estimate of the probabilistic average.
Averaging analog device, which works according to formula (4.125), is called an 

ideal integrator. We can use an integrator, which is designed on the base of a direct 
current amplifier with deep negative feedback. Another averaging device is a passive 
low-pass filter.

Let us compare the integrator with the filter as it was done by Mirsky (1972).
1. In comparison with a filter, an integrator is more effective as an averaging device. 

This is because all the information, which we get with an integrator during the whole 
period of measuring, is useful, while a low-pass filter forgets the information located 
beyond the interval of a few response times of a filter. Thus, the integrator accuracy is 
limited only by the true measuring duration, and low-pass filter accuracy is limited by 
its response time. Duration of measuring with averaging filter T and duration of 
integration with integrator T. are in relation

Tf>  2 7 . (4.126)

This fact is of great importance when we analyze periodically non-stationary processes 
with period of nonstationarity of tenth fraction of a second.

2. If the response time increases (the bandpass is narrowed) and the measuring time 
lengthens (if it is possible), then the error of averaging decreases to almost the error of 
integration over a great interval.

3. The estimate given by the integrator is always unbiased. The estimate given by 
low pass filter is practically unbiased when aT> 4. Here a  is the reciprocal value of the 
filter time constant (Mirsky, 1972).

4. The structure of the low pass filter is simpler than the one of the integrator.
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Besides analog methods of averaging there are discrete methods, when the sum of 
discrete values of a realization, taken over certain intervals, is divided by the number of 
samples. The mean power of random process is defined by the expression

1  T

Px = 1 ^ — j x 2(t)dt, (4.127)

if the limit exists. This characteristic is the averaged square of x(t) but not directly x(t). 
Therefore, to measure the average power, we have to quadrate the value of the studied 
random process and then perform the averaging. But the actual measurement is performed 
during a finite time interval.

The device, which registers the random process, almost always gives on its output 
the electrical voltage, which replicates the shape of the random process. That is why for 
short hereinafter we will speak about the value of the random process as about the 
voltage of a realization.

The mean square of the realization voltage is measured in accordance with

= (4.128)

Unlike the measurement of mean power, here we have to use the extracting of root 
procedure. This operation is often included in the indicator scale calibration.

The measurement of dispersion is defined by the expression

D[x (0] = x+ M + F .  (4.129)

It is reduced to the measurement of alternating component mean power. That is why 
the device, which measures the dispersion or the mean square, has an element, which 
centers the realization of the studied process. It is a low-cut filter. The rest of the functional 
arrangement of this device does not differ from the arrangement of the mean power of 
the whole process measurement.

The instantaneous spectrum is in fact the output voltage of a real filter. Unlike the 
analysis of periodic process, the instantaneous spectrum of noise is a random function, 
which consists of the determinate part and the fluctuating process if the analysis time is 
a limited interval.

The random process has to be characterized by the power spectrum instead of the 
amplitude spectrum. Only the power spectrum and the correlation function have the 
physical sense for the random processes and they can be evaluated theoretically.
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The device, which is called the spectrum analyzer, is used for the spectrum 
measurement. There are several methods of the analysis.

The first is the method of filtration. It is the most well known method. It consists in 
extraction of the narrow bands of the studied process spectrum with the device, which 
has selective amplitude-frequency characteristic. The main part of the analyzer is a 
band-pass filter, which has narrow (in comparison with the spectrum width) pass band.

The second method is obtaining the spectral density with Fourier transform of the 
random process realization.

The third is the evaluation of the power spectral density on the base of correlation 
function measuring in accordance with the Wiener-Khinchin theorem.

The fourth method is bundled with using of signum functions.
The fifth method is based on the hardware which uses the concept of the orthogonal 

functions.
Let us discuss in detail the first method. The others are described in the book of 

Mirsky (1972).
The functional arrangement of the power spectral density meter, which corresponds 

to the first method, is shown in fig. 4.26.
While doing the hardware analysis, we ought to consider the uncertainty principle. It 

is expressed by the relation

A/'T  = const. (4.130)

Here Д/ i s  the bandpass of the filter, 71s the measurement time. It means that the narrower 
the filter bandpass the larger the measurement time.

There are three ways of the hardware spectrum analysis with bandpass filters: the 
parallel, the sequential, and the combined.

The parallel analysis is performed with the set of narrow-band filters, each filter is 
tuned to a certain frequency. When the signal is supplied to all inputs simultaneously, 
every filter extracts the band of spectrum, which corresponds to its tuning.

The sequential analysis is performed with the single narrow-band filter, whose 
resonance frequency can be tuned in a wide range of frequencies.

When the combined analysis is used, parallel and sequential methods are coupled in 
a single device. The studied spectrum separates into several subbands and the sequential 
analysis is simultaneously performed within these subbands.

Fig. 4.26. The functional arrangement of the power spectral density meter, which corresponds to the first 
method. (Redrawn from Mirsky, 1972).
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In practice of the experimental hydrodynamic researches they often measure the 
spectrum of the mean square values, not the spectral power density. In this case the 
linear detector of the mean square values is used in the analyzer. Satisfactory results can 
be obtained also when the detector of mean values (the envelope detector) is used. Its 
indicated values in case of the sine signal and noise differ only by 1 dB. It means that the 
device with this detector can be graduated with the sine signal and then can be used for 
the measurement of the spectrum of noise mean square values. The third kind of detectors, 
so called peak rectifier, is not available for the analyzer as its output voltage strongly 
depends on analyzed process features.

Thus, the analyzer, which can measure the spectra of both periodical and random 
processes, has to contain the narrow-band (Af) filter, the linear detector of mean square 
(or of mean) values, integrator with a certain time of integration, and the recorder. This 
analyzer differs from a common harmonic analyzer only by the presence of an integrator. 
In practice, the recorder, which is connected to the output of the adjustable filter-analyzer, 
can contain a detector and an integrator. Registration of the spectrum is performed, as a 
rule, by the logarithmic level plotter. It directly gives the levels of the power spectrum, 
as

201g S  (&0 = lO lgG  (fd), (4.131)

where S{(0) is the spectrum of mean square values, G(cd), is the power spectrum.
We must pay attention to the features of processing of the measured spectra of the 

real processes, which are usually the sum of periodic and random processes. When the 
spectrum is discrete, the values of maximal measured levels of discrete components do 
not depend on analyzer band Af. When the spectrum is solid, the registration of the

same analyzer of mean square values is proportional to y[Af  • Ordinates of the discrete

components and of the solid spectrum have different dimensions. Dimension of ordinates 
of the discrete components is Nnv2 for pressure or ms-1 for speed while the dimension of 
ordinates for the solid spectrum is the dimension of the measured value divided by 
(Нг)'/г- Differences of the features of discrete and solid spectra, which appear in their 
different dimensions, exist in practice, when the spectrograms of the process measured 
simultaneously with different analyzers having different analysis bands. Then the levels 
of discrete components in both spectrograms are the same while the solid part of the

spectrum varies as yj A f  .

We should account this difference when the levels of the spectrum are recounted to 

the band of 1 Hz (subtraction of 20 lg y fK f )■ This is necessary when the spectra of

processes, measured with different hardware, are compared. The only levels to be 
recounted are the ones of the solid spectra. These levels are easily discriminated in
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spectrograms, measured with sufficiently narrow-band analyzer. However, when the 
band of analyzer is wide (an octave or half an octave), the recount can cause errors. 
Errors take place when the spectrum contains discrete components, which are 
undetectable under the wide band of analyzer.

4.2.2. Characteristics of non-stationary processes analysis

Heretofore we have discussed the stationary ergodic random process. Let us remind 
that stationary process is the process, whose mean value and dispersion do not depend 
on time, and correlation function depends only on time difference т. The fact, that the 
absolute magnitude of the correlation function goes to zero when the time span grows 
infinitely, is the test of ergodicity.

Real processes, strictly speaking, are not exactly stationary and ergodic. However, 
the studied processes under the acceptable conditions can be considered as stationary 
and ergodic ones. We can obtain the rough estimate of stationarity on single realization 
x(t) of the random process X(t). To do it, we have to separate the realization x(t) into n 
interval, then estimate the mean values on each interval m* ,,m* m* , and m* on’ x l’ x27 7 xn7 x

the whole realization, then evaluate the dispersion of the estimate D[m*x], To consider 
the process as a stationary process the relative mean square value of the estimate 
dispersion should be less than a certain acceptable value of a. Then the stationarity 
criterion

у[ Б \
. < «  (4.132)

m x 

is satisfied.
Besides, we ought to determine the dispersions (mean square deviations) of the process 

on different intervals of realization, i.e. for the multiple origins. The founded mean 
square deviation can not exceed the set value.

In order to decide if the ergodic hypothesis is true, it is rational to obtain the plot of 
the autocorrelation function and to test whether its absolute value goes to zero when the 
time span grows. If the studied process does not meet these criteria, this process is a 
non-stationary and non-ergodic process. We ought to analyze it with methods, designed 
for this kind of processes. The theory and practice of non-stationary process analysis 
are far from perfection. However, much has been done in this direction.

Non-stationary random processes are the widest class of processes, which occur in 
different researches. Even a stationary process, which is limited in time, strictly speaking 
is a non-stationary process. Besides, any modulated random process is also a non­
stationary process.
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There are a wide variety of types of non-stationary processes. We discuss only some 
of these types, which most frequently occur in practice of biohydrodynamic researches.

1. Additive non-stationary process

y(t) = x(t) + f it) ,  (4.133)

where x(t) is a stationary random process,/(0  is a deterministic function. If fit) is a 
periodic function, then the processes x(t) and f t)  in both of the spectral analysis and 
correlation analysis are easily separated. Experimental study of such a process is not 
difficult. In practice such processes occur at the output of measuring system (the 
multifrequency signal on the noise background).

2. Multiplicative non-stationary process

у  f t )  = x(t)f(t) (4.134)

or

у  f t )  = x(t)zit), (4.135)

where x(t), z(t) are stationary random processes,/(0  is a deterministic function. Noise 
modulated by periodic process occurs most frequently. For example, the cavitation noise 
of the screw propeller is modulated by the periodic oscillations, whose main frequency 
is defined by the rotary speed of the screw propeller.
The other demonstrative example of a multiplicative non-stationary process is the noise, 
which is emitted by a moving source, such as moving submarine, fish, dolphin, and so. 
If this noise is received by a motionless hydrophone, then the sound pressure at the 
hydrophone can be presented by

p(,)=4TYr <4i36>
where h is the distance between the source of sound and the hydrophone, v is the velocity 
of the source motion, t is the time (it is accepted that 7 = 0 when the source is exactly 
opposite the hydrophone), P ft)  is the emitted stationary signal. In this case using of 
automatic control of the received signal level eliminates the non-stationarity.

3. Quasi-stationary process (almost stationary one). All stationary processes, which 
are defined on a finite time interval, are quasi-stationary processes. If the interval when 
a process actually exists is greater than its correlation window, such process is analyzed 
with the methods developed for stationary processes. The more this relation, the closer 
such a process to a stationary one.

4. Periodic and almost periodic non-stationary random processes. The statistical 
characteristics of these processes vary periodically or almost periodically. The processes,
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which take place in a boundary layer of dynamically moving aquatic animals (fish, dolphins, 
squids, pinnipeds) are just the same processes. While in active swimming the pressure 
and velocity pulsation in the boundary layer of these animals is modulated by the body 
undulation so that the spectrum of pulsation varies periodically according to the phase of 
the undulation. The oscilloscope pattern of such process is shown in fig. 4.27. There is 
the pattern of pressure pulsation in the boundary layer of a dolphin while in active swimming.

Analysis of such processes is very difficult when the period of non-stationarity is 
com parable with its correlation window. In this case we can define statistical 
characteristics of the process only on the ensemble of realizations with the exact 
adjustment of the realizations origins. When the period of non-stationarity is significantly 
greater than the correlation window, we can consider that the process is stationary on 
the interval, which is sufficiently less than this period and sufficiently greater than the 
correlation window. In this case we can use the methods of analysis, which are developed 
for stationary ergodic processes. We can a priori consider that a process is to a first 
approximation ergodic, or we can test the ergodicity by the methods described above. 
As a rule, the period of non-stationarity of the random processes, which evolve in the 
boundary layer of the sea animals, is sufficiently greater than the correlation window. 
The period of non-stationarity is of 200 -  300 ms, the correlation window is 3 -  4 ms.

Fig. 4.28. The oscilloscope pattern of the correlation ellipse.

Fig. 4.27. The oscilloscope pattern of the pressure pulsations in the boundary layer of an active swimming 
dolphin.
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This relation permit to believe that the process is quasi stationary and to analyze 
experimental data on single realization.

Optimization of the procedure of statistical measurements is very important for 
minimization of the summary error of non-stationary process analysis (Olshevsky, 1973). 
Errors of the statistical measurements can be classified on their exercise or on their 
specific features. We ought to separate the errors of fluctuation and the errors of biased 
estimation. Errors of fluctuation are random errors, their values alter from one 
measurement to another. Bias errors are systematical errors and occur again in every 
measurement. However it does not mean that the bias of an error is known and can be 
anyhow compensated and reduced to zero. The summary error of the statistical 
measurement has minimum at the certain value of the smoothing (averaging) interval. 
This value equals to the time interval of the process realization, which is less than the 
period of non-stationarity and greater than the correlation window size. The fluctuation 
error decreases as the smoothing interval grows, but the bias of estimation increases 
because the process more and more differs from quasi stationary. When the smoothing 
interval decreases, the bias of estimation also decreases, however the fluctuation error 
grows. Practically, we ought to measure the needed statistical characteristic (for example, 
correlation function) several times with different smoothing intervals and then decide, 
which has the least error.

We give here only a general view of the optimization of the statistical measurement 
procedure. In reality this optimization (especially the adaptive optimization) is very 
difficult. It is reduced to multi-stage processing of the studied process.

There are special purpose devices for the analysis of the random processes. We 
often need an express estimation of mutual correlation coefficient for two processes. It 
can be done with a usual oscilloscope. The first studied signal is supplied to the vertical 
deflector, and the other to the horizontal deflector of a cathode-ray tube. In this case the

Fig. 4.29. The oscilloscope pattern of the correlation ellipse when the correlation coefficient is close to zero.
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Fig. 4.30. The oscilloscope pattern of the correlation ellipse when the correlation coefficient is near one.

deflections of the light spot on the tube screen induced by these signals are perpendicular 
to each other. As a result, the light spot on the screen delineates Lissajous figures. The 
photograph of this pattern, with a long exposition, gives a figure, which is the correlation 
ellipse (fig. 4.28). If a and h denote correspondingly the longer axis and the shorter axis 
of this ellipse, then the correlation coefficient is defined by the expression

о a 2 ~ b 2
~ ~ T T T 7 ' <4Л 37>ci + b

When the correlation coefficient is close to zero, the distinction between the ellipse 
and a circle is very small (fig. 4.29). In this case the precise measurement of the values 
of a and b is very difficult. Therefore, it is difficult to measure the correlation coefficient 
too. The same difficulties exist when the correlation coefficient is near one. Then the 
ellipse becomes an almost straight line of varying thickness (fig. 4.30).

Brief conclusions

This chapter does not directly concern the research of the fish and dolphin 
hydrodynamics. Its aim is to give the initial knowledge of the statistical hydrodynamics 
to those, who research the fine structure of the boundary layer on fish and dolphins. The 
fact, that in chapter 6 we could reference only a few experimental works, shows that in 
this field there are wide prospects for further researches.
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CHAPTER 5. DEVICES AND M ETHODS FOR  
EXPERIM ENTAL KINEMATIC AND HYDRODYNAM IC  

STUDIES

The hydrodynamics of fast-swimming animals has been of great interest to scientists 
for a very long time. It was almost fifty years ago that certain questions were formulated 
which we still wish to be answered. We mean the pattern of streamline flow of fast- 
swimming fishes and dolphins, as well as their drag coefficient when moving under 
water. During these fifty years, various methods of research have been tested, but the 
results proved to be more than just modest. The reason seems to be in the fact that the 
methods applied so far should be qualified as indirect ones, they cannot answer these 
questions unambiguously. Among the above methods we can mention, for example, the 
morpho-functional study, visualization of streamline flows around the animal's body, 
calculations of thrust and of drag according to cine film records. Such methods provide 
only qualitative evidence about the phenomenon under examination. As to quantitative 
data, they can be obtained by direct instrumental measurements of the processes in 
question. In particular, the pattern of the animal’s streamline flow may be examined by 
direct measuring of the boundary layer structure.

5.1. Devices and methods for biohydrodynamic studies

5.1.1. Receptors of pressure pulsations meant to work on dolphins

The methods of studying the pressure pulsations in the dolphin’s boundary layer principally 
differ from those for similar studies effected on rigid bodies. In case of the latter, the pulsation 
sensors are usually flushed with the streamlined surface. With this, all constructive elements 
of the sensor are installed inside the streamlined body. As to the dolphins, to install a pulsation 
sensor as flushed with their skin is simply impossible. At best, one can implant a sensor 
under the dolphin’s skin, but in such case the sensor will be separated from the boundary 
layer by the layer of skin, no matter how thin it may be. This will, undoubtedly, considerably 
diminish the sensitivity of the sensor and change the effective diameter of its receiving 
surface. Such process will be hard to control. There is only one possibility left - to be oriented 
by sensors of pressure pulsations which are in various ways installed on the skin surface of 
a dolphin. Several versions of such devices were designed and employed to study the 
hydrodynamics of dolphins (Romanenko, 1971, 1976a).

The first version of such receptor is that of pulsations, flushed with some streamlined 
coverplate glued (or attached in any other way) to the skin of the dolphin at the point of 
measurements. In this case, all constructive elements of the receptor are mounted in the 
body of the coverplate. The scheme of such receptor with its coverplate, fixed on a 
dolphin’s skin, is displayed in fig. 5.1. Here, 1 is the receptor of pulsations, 2 is the
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cable, 3 is the coverplate (the streamliner). This version has all positive features typical 
for standard receptors of pulsations used on rigid bodies, namely: its receiving surface 
may be made sufficiently small and flushed with the streamlined surface, etc. However, 
the use of such receptors on dolphins involves a number of difficulties. First, the 
streamlined coverplate has an input edge which may affect the pattern of streamlining 
at the point where the receptor of pressure pulsations is situated, this impact may be 
hard to control. Besides, the area of contact between the coverplate and the dolphin’s 
skin should be large enough to provide for its good streamlining. As a result, in the 
vicinity of the sensitive element, within a large area, it will not be the skin under 
streamlining but the coverplate, i.e. the rigid body, and the streamlining conditions for 
such rigid body differ from those for the skin. Then, if the coverplate is large, it may 
hinder the bending of the body (the skin) at the point of its location.

Nevertheless, such version of the receptor was designed and considered, along with 
other versions, as a possibility for practical use on dolphins. Fig. 5.2 shows the scheme 
of such receptor of pulsations. Its construction employs the principle of pressure 
transformation with the view of increasing the sensitivity. The receptor is designed in 
the following way. A piezoceramic plate 3 is pinched between two halves of the metal 
carcass 1. The lower end of rod 2 touches the end of plate 3 and its other end passes 
through the layer of hermetic composition 4, being polished flushed with the upper 
streamlined surface of carcass 1. This polished butt end of rod 2 serves as a receiving 
surface of the device. Fig. 5.3 separately demonstrates the piezoceramic plate 3, which 
is a sensitive element. The plate has electrodes 5 and 6. It is polarized on the surface in

such a way that the polarization vector P in the clearance 8  between the electrodes 
could be directed as shown in fig. 5.3.

One electrode (fig. 5.2) is in immediate electric contact with the carcass. Electrode 5 
is connected with the central conductor of the coaxial cable 7 linking the receptor of 
pulsations with the measuring circuit. The cable screen is directly connected with the 
carcass.

Fig. 5.1. The scheme of a meter of pressure pulsations with its coverplate, fixed on the dolphin’s skin (the 
first version): 1 -  meter, 2 -  electrical cable, 3 -  coverplate.
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When fully assembled, the receptor of pulsations is polymerized into epoxy resin in 
the way displayed in fig. 5.1. Here, 3 is the coverplate (the streamliner) made of epoxy 
resin.

The receptor of pulsations works as follows. Pressure pulsations impact the rod butt 
2 polished flushed with the streamlined surface, and through this rod butt they are 
transferred to the end of plate 3. Due to their impact, the plate gets bended. Since one 
end of plate 3 is pinched, the impact of the force upon its free end will induce mechanical 
strains inside it. The strains will be maximum near the point of pinching (where the 
clearance between the electrodes is). As a result, an electric potential will emerge on the 
electrodes. By cable 7 the potential will be transferred to the measuring circuit. The 
sensitivity of such receptor of pulsations depends upon the type of piezoceramics 
employed and may be of scores of mcv/Pa.

Fig. 5.2. The sensitive element: 3 -  a piezoceramic plate; 5,6 -  the electrodes.

Fig. 5.3. The scheme of a meter o f pressure pulsations: 1 - a metal carcass; 2 -  a rod; 3 -  a piezoceramic 
plate; 4 -  a hermetic composition; 5,6 -  the electrodes; 7 -  a cable.
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Fig. 5.4 shows a picture of such receptor of pressure pulsations.
The second version of this device differs from the first one which has a serious 

drawback. The first receptor of pulsations can register them only on the streamlined 
surface alone. It is impossible, for instance, to measure pulsations at any point of the 
boundary layer or beyond its limits, while such data may be extremely important when 
examining the pattern of dolphins’ streamlining. It was this very drawback that compelled 
us to design another construction of the pulsations receptor. The new device is presented 
in fig. 5.5. Here, 1 is the sensor made as a thin round-sected rod of piezoceramics.

Fig. 5.6 separately demonstrates the sensor with the following dimensions: 1.5 mm 
in diameter, 7 mm in length. The rod has two ring-shaped electrodes 2, the piezoceramics

in the clearance between them was polarized on the surface (vector P ). The rod is 
jammed over the area of the larger electrode between the two halves 3 of the streamlined 
brass body; the latter is 5 cm long and 0.5 cm in diameter. With that, the larger electrode 
is separated from the body by means of a Teflon lining 7. The smaller electrode is linked 
with the body and the larger one - with the entrance of a special electronic device 10 
having a high input impedance 11. The electronic device is installed inside the receiver 
body. The exit of the device is connected with the central core 5 of the screened cable 4

Fig. 5.4. A picture of a meter.
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and then with the elements of the registering system. The input impedance 11 is about 
100 megohoms. When assembled, both halves of the body are fastened by screws 8 and
9. The internal cavity of the body is filled with a pressurizing mixture which is a melt of 
wax and rosin in proportion of 1 to 1. The same melt covers the place where the rod is 
jammed by the body 6. The end of the rod 1, protruding outside, is not covered with the 
melt. This section is about 1.5 mm in size and can be regarded as the size of the receiving 
surface.

Such pulsation receiver can be installed in any point of the boundary layer and even 
beyond it. With that, the sensitive end of the rod 1 should be directed towards the flow.

The sensor of the pulsation receiver may be made not as a circular rod but as a 
tetragonal one (fig. 5.7) with its receiving end rounded. In this case, the electrodes are 
installed on the two opposite longitudinal facets of the rod. Polarization is effected 
throughout the rod thickness. To manufacture such sensor is much easier than the circular 
one with its ring-shaped electrodes.

The described pulsation receiver can also work without the installed entrance 
electronic device. In this case, the larger electrode of the sensor is connected directly 
with the central conductor of the screened cable. As a result, the sensitivity becomes 
considerably decreased (by 2 or 3 times). But the technology of making the receiver 
gets greatly simplified.

Fig. 5.5. The scheme of a meter (the second version): The designations are in the text.

Fig. 5.6. The sensitive element: 1 -  a piezoceramic rod of a circular section; 2 -  the electrodes.
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There is another (third) version of the pressure pulsation receiver (fig. 5.8). It is 
designed in the same way as the previous one. The difference is in the shape of the 
sensor, which is made as a thin piezoceramic platelet 1 with two electrodes 2 (as in the 
first version). The piezoceramics is polarized along the surface in the clearance between

the electrodes P . The platelet is jammed in the streamlined body 3 at the level of the 
clearance between the electrodes (along the line AA)\ it works for deflection. The 
protruding end of the platelet is rounded, the rest of the technology is similar to that 
described above. The larger electrode of the platelet is connected with the conductor 5 
of the screened cable 4.

Fig. 5.7. The sensitive element: 1 -  a piezoceramic rod of a square section; 2 -  the electrodes.

Fig. 5.8. The scheme of a meter and sensitive element (the third version). The designations are in the text.
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Application of the thin platelet as a sensor greatly (more than by one order) heightens 
the sensitivity of the receiver, because one uses the transformed mechanical strains. The 
platelet employed as a sensor is of the following dimensions: 0.5 mm thick, 2 mm wide 
and the length from the receiving end to the clearance is 3 mm. The total length of the 
platelet is 7 mm.

This version of the pressure pulsation receiver, like those described above, may be 
manufactured both with a built-in matching electronic device and also without it.

The holders of the receivers are rather intricate in their construction; their outside 
diameter is 5 mm. This is preconditioned by the necessity to assemble a matching 
electronic device into such body. However, when the receiver can work without its 
electronic device, the technology of making the receiver can be simplified. In the latter 
case, the receiver body is only of 2 mm in its outside diameter and is shaped as a pipe. 
Such receiver permits more detailed studies of the boundary layer structure.

Fig. 5.9 shows pictures of the pulsation receiver with its sensor shaped as a circular 
rod and as a platelet.

The make-up of pressure pulsation receivers easily allows to isolate the device from 
pressure pulsations by using a special cap filled with air and invested onto the receiver. In 
such cases, the receiver will register only interference of all kinds (vibrations, the 
microphonic effect of the screened cable, radio disturbances, the turbulent noise on the 
irregularities of the receiver body, the electrical activity of the muscles, etc.). In this way, 
one may estimate the overall level of various interference so that to compare it with the 
level of pressure pulsations. This possibility is very important in terms of metrology.

If pulsation receivers are isolated by caps filled with water, they will register the 
overall level of an interference admixed with the acoustic noise generated by the boundary 
layer. By precluding such interference during the analysis, we may get some idea about

Fig. 5.9. A picture of a meter with sensitive element with its sensor shaped as a circular rod.

Fig. 5.10. A picture of a meter with sensitive element with its sensor shaped as a platelet.
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the acoustic component of the turbulent noise. This may prove very important when 
examining the noisiness in the propellent complex of the biological object. Nevertheless, 
such possibility exists only when the pulsation receiver is sufficiently sound sensitive.

To illustrate the working capacity of the pressure pulsation receivers discussed above, 
fig. 5.11 displays three spectra of pressure pulsations. The upper spectrogram was

Fig. 5.11. Spectra of pressure pulsations.
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obtained by using a traditional pulsation receiver installed as flushed with the streamlined 
surface. The middle spectrogram was derived by using a pulsation receiver with its 
sensor made of a piezoceramic platelet. The lower spectrogram shows superposed spectra. 
One can see that the spectra practically coincide. With that, the parameters of the flow 
under measurement remained unchanged.

Fig. 4.27 presents an oscillogram of pressure pulsations registered in the dolphin’s 
boundary layer by means of a pressure pulsation receiver with its sensor as a platelet.

5.1.2. Receptors of velocity pulsations

At present, the most frequent method to measure turbulent velocity pulsations is still 
that of using a hot-wire anemometer (Hintse, 1963).

A hot-wire anemometer is such a device in which the sensitive element is a fine 
platinum wire heated by electric current. The wire is placed into the onflowing stream 
of gas or liquid. Since the temperature of the wire is higher than that of the stream, the 
latter cools the wire. The extent of such cooling depends on the velocity of the stream 
and on the physical properties of the wire and the medium. Measuring the extent of 
cooling in this or that way, and knowing the physical properties of the medium and of 
the heated element, we can rather reliably identify the stream velocity.

The extent of cooling can be measured by two methods: directly by using a 
thermocouple or a thermistor, and by measuring the resistance of the wire. The value of 
such resistance is unambiguously associated with the temperature.

The hot-wire anemometers are employed to measure both permanent and variable 
(pulsating) streams. However, the hot-wire anemometers have very serious limitations. 
First, their work involves an intricate scheme for wire heating. Besides, the wire should 
be very fine (about 5 mcm in diameter) and short (0.5 -1 mm long). The thickness of the 
wire determines its thermal inertia, which must be the minimum possible; its length 
determines the frequency range of pulsations, which can be measured with its help. 
These difficulties are purely technical. But there are others, which are quite principal. 
Among them is the nonlinear pattern of dependence between the velocity and the 
temperature. In addition, the thermal inertia of the wire implies essential limitations 
too, because it worsens the parameters of the hot-wire anemometers, limiting them within 
the high-frequency range of the stream velocity pulsations. As a rule, the hot-wire 
anemometers are used to measure the turbulence in gases.

The hot-wire anemometer proves to be less suitable to measure dropping liquids. 
The thing is that the working temperature of the wire should be very low there because 
of possible evaporation and scaling.

Besides, there can also be the case of electrolysis, which may lead to numerous 
troubles. The force impact of the stream of liquid upon the wire is much greater than
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that of gas. Therefore the wire should be sufficiently strong (hence, its diameter should 
be larger), and this may enhance the thermal inertia.

Nevertheless, the hot-wire anemometer may well suit to measure velocity pulsations 
in the boundary layer of the dolphin (Kozlov, Shakalo, 1970; Shakalo, 1969, 1972). 
Special steps were taken to preclude any water electrolysis (the diminished voltage on 
the wire). From time to time, the wire was ultrasonically cleaned from pollution.

Besides such wire hot-wire anemometers, filmy ones are occasionally used too. The 
sensitive element there is made of a very fine platinum wire specially heated for the 
occasion. The film is 1 mm long and 0.22 mm wide. It is fused on some glass or ceramic 
backing shaped as a wedge. As far as we know, such hot-wire anemometers have not yet 
been employed in biohydrodynamics. But it seems likely that their potentials are not 
worse than in those made of wire.

The experience gained in using the hot-wire anemometers for biohydrodynamic 
measurements proves to be rather positive. Nevertheless, the above limitations in working 
with them and their limitations mentioned above, make it necessary to look for new 
methods to estimate the turbulence in liquids.

To our mind, rather interesting is the method of electromagnetic induction which has 
already found its recognition for measuring turbulent pulsations of velocities in 
conductive liquids (Hintse, 1963). The method is based upon the phenomenon of 
induction of an electric field in some conductive liquid streaming in an electromagnetic 
(or magnetic) field. The intensity of this induced field is unambiguously determined by 
the velocity component perpendicular to the electromagnetic field. It proves to be directly 
proportional to this component and to the intensity of the electromagnetic field

V = ^ - H U ,  (5.1)
с

where p  is the relative magnetic permeability of the liquid, с is the velocity of light, H  is 
the intensity of the electromagnetic field, U is the velocity component perpendicular to 
the electromagnetic field.

The direction of the induced field is perpendicular both to the velocity component U 
and to the magnetic field. It can be found by the well-known rule of the left hand.

To measure the value of the induced electric field, it is necessary to introduce two 
electrodes to the liquid in such a way that the line connecting the electrodes should be 
perpendicular both to the direction of the velocity pulsations under measurement and to 
the magnetic force lines simultaneously. In this case, the potential difference on the 
electrodes E  is found in the following way

E  = Vs -  — HUs, (5.2)
с
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where s is the value of the clearance between the electrodes.
The main advantages of this method are the following: the linear dependence E on 

the value of velocity pulsations; complete independence on the properties of the liquid 
(its density, viscosity, temperature, electroconductivity, composition). Electrodes should 
be made of such materials which prove resistant to the chemical effects of the liquid and 
do not get polarized. If there is any danger of polarization, the electromagnetic field 
should be alternative. But in such case there is another danger - that of an electromagnetic 
interference, when weak potentials are measured. The electromagnetic impact may 
involve either the entire field of the stream or only that of its section which is under 
measurement. The first electromagnetic field impact is convenient when measuring the 
streams, which are uniform throughout the entire flow field. When measuring some 
non-uniform streams (in the boundary layers), the second method is more preferable 
because it is not necessary to consider the impact of locally induced currents caused by 
the non-uniformity of the stream.

Devices for measuring velocity pulsations, when they are based upon the method of 
electromagnetic induction, are difficult to be made sufficiently small. This is the principal 
drawback of such method. Nevertheless, Varich (1969, 1970a,b; 1971) designed and 
used such a meter of velocity pulsations when examining the streamlining of live crabes. 
His method was based upon electromagnetic induction. The meter was a square permanent 
magnet 1mm thick and 5 mm wide. Its field contained platinum electrodes, each 1 mm 
thick. The distance between the electrodes was 4 mm. Such meter permitted to register 
velocity pulsations without any errors. The scope of the pulsations was much above 4 
mm. With the help of such meter one can hardly get a very good idea about the pattern 
of streamlining around a live object. Such meter should be rather used to assess some 
averaged velocity of the stream. When measuring velocity pulsations, the distance 
between the electrodes and their size should never exceed 0.5 - 1 mm.

A smart method to estimate velocity pulsations in a conductive liquid was offered by 
S. Eskinasi (1958). The essence of his method is in that two electrodes are used to 
register pulsations. The electrodes are installed in the stream of conductive liquid and a 
small potential difference is applied to them. This difference is supposed to provide 
such current between the electrodes that never exceeds 10-30  mca. With a low current, 
the electrodes do not yet have bubbles of hydrogen (there is no electrolysis). The velocity 
pulsation in the stream leads to conductivity fluctuations of the electrolyte in the clearance 
between the electrodes and, hence, to fluctuations in the streaming current, which are 
the ones to measure. For the sake of concrete geometry of the electrodes within their 
clearance, the current through the clearance reveals the function of the applied potential 
and of the transfer velocity of the conducting medium.

The author (Romanenko, 1974, 1976) also designed an electrochemical method to 
assess velocity pulsations. In our mind, it seems very promising not only for 
hydrodynamic studies but especially for biohydrodynamic ones.
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The method is based upon Debye’s effect (1933). It regards the difference between 
dynamic reactions of solvated ions of the electrolyte to the movement of the medium 
particles. Anions and cations differ by their effective masses and their friction coefficients. 
As a result, when a medium has some velocity pulsations, a potential difference appears 
there (the so-called vibrational potential) between two points divided by the final distance 
towards the action of pulsations. This potential difference can be registered by means of 
two electrodes placed in the field of velocity pulsations.

The theory of the effect was explained by Debye himself. However, his theoretical 
conclusions somewhat contradict the experiment. The thing is that according to Debye, 
the effect must not exist in clean liquids, while the experiment demonstrates that in 
clean liquids this effect is manifested even better than in electrolytes.

An attempt to explain this phenomenon was made by Weinmann (1950, 1960). He 
offered a phenomenological theory of the effect, having suggested that in addition to 
Debye’s effect there is another one, associated with the density gradient of the liquid 
within the field of velocity pulsations. Weinmann offered his theory as applied to the 
acoustic field. However, this theory seems to be also applicable to hydrodynamic velocity 
pulsations when some density gradients may exist within their field.

Weinmann gives a general formula for this effect, which looks as follows:

, , a + S c v M J e t  -in. I
K J = —  [| + S q / V  (5.3)

where

47zL
S = --  (5.4)
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and
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1 4  p  ' (5 -5 )
V 1 у

e. are the ion charges, n. is the equilibrium concentration (of ions/cm3), p. is the friction 
coefficient, M;/ is the hydrogen atom mass, e is the electron charge, L approximately 
equals the specific conductivity of the electrolyte, V = 12 is the quantitative characteristics 
of pure Debye’s effect, Фт is the peak potential with infinite dilution of the electrolyte, 
aQ is the vibrational velocity of liquid particles, (0 = 2nf, f  is the frequency of vibrations, 
с is the sound velocity.
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Formula (5.3) differs from Debye’s one with Flermans’ amendment (1938) only by 
its member (Фм/а0)2. Experiments yield 15 mcv/cm/sec for the value Ф Д я() in water. 
With the growing concentration of the electrolyte, the calculated value |Фтах| changes in 
good agreement with the experiment. In this way, the phenomenological theory of 
Weinmann quite well explains the experimental results, providing an unambiguous 
dependence of the vibrational potential value upon the vibrational velocity. With that, 
in case of clean water, as it was mentioned above, the vibrational potential equals 15 
mcV/cm/sec. In case of electrolytes, this value will be smaller.

If W einmann’s theory is valid not only for acoustic phenomena but also for 
hydrodynamic ones, this may open certain possibilities. The thing is that the level of 
velocity pulsations in a turbulent liquid stream comprises 5 - 10% of its average velocity. 
For example, with the stream velocity of 10 m s 1, the velocity pulsations may reach 
values of about 1 m s'1 and the value of the vibrational potential proves to be quite 
measurable.

As it was mentioned before, the vibrational potential can be measured by means of 
two electrodes placed in the field of velocity pulsations and attached to an ordinary 
amplifier and a recording device. But the vibrational potential may be also measured in 
one point relatively to the surrounding liquid by using only one electrode placed into 
the point of measurement. The role of the second electrode may be played by a metal 
rod of the measuring electrode isolated from it but still having its electric contact with 
the surrounding liquid. On its own surface it averages the potential of the liquid.

It was exactly in this form that we designed and manufactured our meter of velocity 
pulsations offered in this paper and displayed in fig. 5.12.

A central electrode 1 is a sensor. It is made from platinum wire (diameter equal to 0.3 
mm). A tube 2 is a holder. It is made from brass (external diameter equal to 3 mm). The 
sensor is insulated from the holder and it is attached by the copper wire 3 to a central 
wire of a cable 4. The velocity pulsation meter must be positioned in the flow so that its 
sensor is opposed to the flow.

Fig. 5.13 shows velocity pulsation spectrum which has been recorded in the boundary 
layer of a rigid body positioned in a hydrodynamic tube. The velocity of flow over the 
body was 5, 15 and 25 ms-1. The sensor was positioned at 1.5 mm relatively a Bow over 
the surface. The thickness of the boundary layer was 6 - 8  mm.

The velocity pulsation meter offers a few advantages over the thermoanemometer. It 
is very simple, strong and has no need of a complex electronic circuit. An input impedance 
of meter is defined as a conductivity of water. In operation the meter is connected with

Fig. 5.12. The scheme of a meter of velocity pulsations. The designations are in the text.
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obvious wide-band amplifier. A sensitivity of the meter is the order of one or more of 
mcV/cm/s. Band of operation frequency is without limit practically.

In their publication of 1965, Siddon and Ribner describe a device, which they call a 
piezoelectric anemometer. The authors believe their device to respond to transversal 
velocity pulsations. Their anemometer is meant to measure velocity pulsations in gas 
streams. However, when covered with hermetic compositions, it seems to be applicable 
to liquids too. Fig. 5.14 shows its scheme. The receiving element is a foil platelet 1 (a) 
of rectangular or circular shape (b). The platelet is fixed on an end-convergent support 
2 glued with a piezoelectric sensitive element 3. The support has a preventive (safety) 
cap 4.

The elementary theory of its construction is as follows: let the foil element be 
approached with a stream of velocity V at the attack angle a  (и and v -  longitudinal 
traverse and cross traverse velocity pulsations respectively). In the turbulent stream, V

Fig. 5.13. Spectra o f velocity pulsations in the boundary layer. The speed of flow: 1 - 5  ms'1, 2 - 1 5  m s 1, 
3 - 25 m s 1.

Fig. 5.14. Scheme of piezoelectric anemometer. (Redrawn from Siddon, Ribner, 1965). The designations 
are in the text.
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and «random ly change. Suggesting that the frequency is not very high, we may assume 
that there is a quasi-stationary linear approximation for the lifting force which is valid 
at any moment of time:

F  = ] - p V 2S ^ I - a ,  (5.6)
2 d a

where p  is the density of the environment, V is the stream velocity, S is the area of the 
foil platelet, d C J d a  is the coefficient of the lifting force changed with the attack angle. 
Then, following the accepted approximation, a  we can substitute by v/V  and V by U. 
Then we obtain:

F = -  pUS ^JL  v = kE. (5 7)
2 ( da j 1 ’

In this way, in the region with the common signal linear in terms of the lifting force, 
the voltage E  is proportional to v, with the coefficient of proportionality depending 
upon the local velocity of the stream U.

In the real construction, the receiving element was made as a disk with the diameter 
of about 1.8 mm. The support (holder, bracket) was conical and made of aluminum.

The authors tested their anemometer in a circular air jet and compared the data with 
those from a thermal flow-meter. The spectra registered by the piezoelectric anemometer 
and by the thermal flow-meter proved to coincide within the range of frequencies from 
40 to 4000 Hz. Based on this, it is believed that the piezoelectric flow-meter does register 
transverse velocity pulsations in the stream.

5.1.3. Estimation of the effective size of the receiving element in the meter 
of velocity and pressure pulsations

The size of the receiving element in the meter of velocity and pressure pulsations is 
one of its most essential parameters. Likewise in acoustics, to receive a non-disturbed 
acoustic signal with an intricate frequency spectrum, is only possible when using a 
sound receiver which is small in size, as compared with the wave length of the very 
high-frequency component of the spectrum. In case of hydrodynamic measurements, 
the size of the sensitive element of the pulsation meter should be smaller than the 
minimum scale of turbulence to be registered. To be more exact, the size of the sensitive 
element of the meter must be less than one half of the measured scale of turbulence. 
When this condition is observed, the impact of velocity or pressure pulsations does not 
change the sign throughout the entire surface of the receiving element and the sensitivity
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of the latter is found to be the utmost. In view of this, one should chose such size for the 
receiver that it could meet the inequality below:

1 U 
9<<  2 /  ’

where U is the velocity of the oncoming stream ,/is the frequency of pulsations under 
measurement. For frequencies

/ » £  (5-9,

several characteristic scales of turbulence can be displayed within the limits of the 
maximum size of the receiver. Its sensitivity to pulsations is diminishing because the 
acting pulsations change their sign within the receiving element. With that, the receiver 
will average the impact of all scales of turbulence, while the cumulative voltage at its 
output may only decrease. In this way, it is extremely important to assess the effective 
size of the sensitive element of the receiver, so that to preclude any serious errors in 
measurements.

In case of the hot-wire anemometer and the electrochemical receiver of velocity 
pulsations described above, the effective size practically coincides with the length of 
the platinum wire directly contacting the medium.

The receiver of velocity pulsations based upon the phenomenon of electromagnetic 
induction the effective size is determined by the distance between the electrodes and by 
the size of the electrodes themselves.

The effective size of the piezoelectric anemometer of Siddon and Ribner (1965) 
depends on the size of the foil platelet.

In the above described piezoelectric meter of pressure pulsations (the second version) 
the effective size practically coincides with the transversal section of the small 
piezoceramic rod which is the sensitive element, irrespective of its shape(circular or 
square).

To define the effective dimensions in the piezoelectric meter of pulsations (the first 
and the third versions) is not so simple. Let us try it (Romanenko, 1971b, 1976). We 
shall begin with the first meter. Here, rod 2 serves as the receiving element (see fig. 5.2.) 
which with one of its end is touching the piezoceramic plate 3, while its other but end is 
glued into the hermetic 4 as flushed with the streamlined surface of the carcass 1. At the 
first sight, it may seem that the size of the receiving element should coincide with the 
rod diameter. But in reality it comes out that in this case the effective size of the receiving 
element is considerably larger, depending not only on the diameter of the small rod but 
also on that of the hermetic.
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The scheme of such a receiver can be presented as in fig. 5. i 5. If we use the terms of 
the elasticity theory, it is possible to say that the piezoceramic plate 1 is pinched with 
one of its ends while the second one is hinged with the rod 2 which is rigidly fixed along 
its counter with the inner counter of the hermetic 3. (such fixation is equal to that of the 
internal counter of the plate in the hermetic 3). The external counter of the hermetic 
plate 3 is also pinched (q is the external pressure affecting the plate). It is feasible to 
divide the scheme in fig. 5.15 into two parts, as it is done in fig. 5.16 a, b.

Fig. 5.15. Scheme of a meter. The designations are in the text.

Fig. 5.16. The parts of a meter scheme: ha-  thickness of a hermetic composition, l0 -  length of a rod, b -  
radius o f a rod, a0-  radius of a hermetic composition, /.'-rig id ity  of a spring, F -  force, / -len g th  of plate, 
h -  thickness o f plate, b -  width of plate.
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In its turn, the scheme in fig. 5.16, a may be logically divided into elements as it is 
done in fig. 5 .17 (1 -6 ). Here, F is  the force, q is the pressure, M  and M2 are the bending 
moments. Each element in fig. 5.17 is easy to calculate (Timoshenko, Voinovsky - Kriger, 
1963). The calculation scheme is as follows. In the general case, the equilibrium equation 
of the plate bended by the external forces can be written in the following way (Landau, 
Lifshits, 1965).

Д2И; - Д -  = 0, (5.10)

where D is the cylindrical rigidity of the plate defined by the expression

d=4W <5-u )

where a  is Poisson’s coefficient, E is Young’s module, h is the thickness of the plate. 
Equation (5.10) in polar coordinates may be written as:

Fig. 5.17. Elements of part a of a meter scheme. The designations are in the text.
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1 d  [ d \  \  d  (  й?иЛТ q------ r — ---------r —  = — . /5 1 2)
r d r  d r  r  d r  d r  DV L \  / 3 /

A single integration by r from 0 yields:

d  Г1 d  (  dwY] l r  .
r -  7- r —  =  —  \ q r d r . (5 .13)

d r  r  d r  d r  и  iL  v  / - J  0

The integral in the right part shows the value proportional to the crosscutting force Q 
multiplied by the periphery length of the radius r:

Г
2 n rQ  =  2 л  j  qr dr .  (5.14)

0

With regards of (5.14), equation (5.13) can be written as follows:

d  Г1 d _ (  d w  Y] _ Q
d r  r  d r   ̂ d r  D  (5.15)

For element 1 in fig. 5.17:

<2 = - / - .  (5.16)
2 л г

By a triple integration of equation (5.15) with regards of (5.16), we can get the shape 
of bending in the supported plate with a hole in its center, as affected by force F  applied 
to its internal counter. In its general form, the solution will look as follows:

w, = (pt (r, F, C, ,C2,C3). (5.17)

The integration constants are found through a0 and b0 from the boundary conditions on 
the external counter:

W „ = «  (5 .18)

and
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f  cl2w о  dw{ )

~ D 7 7 * 7  7 +  = 0 ' <5 -19>
V /'•= «0

as well as on the internal counter:

f  d 2w <7 dw\ )  _
~ D  77*777 , = 0 ' <5 -2°)

V J r = b 0

Then the bending may be presented as

w, = < P i(r ,F ,a 0,ft0)  (5.21)

For case 2 in fig. 5.17, the crosscutting force <2=0, and equation (5.15) gets simplified:

d  1 d  ( dw2 3
------------ r — -  = 0 . (5 72)
dr _r d r y  dr )_

Its integration permit to obtain a bending due to the bending moments M  and M,: 

w2 = (p2 (q , Cj, C2, C3). (5.23)

From the conditions on the external and internal counters we find Cj, C, and С through 
Mn, a0 8 bg. Then

w2 =(p2(rl , M ], M 2,a 0,b0)  (5.24)

The value of bending in case 3 in fig. 5.17 can be derived as the total of bending w, 
and wp

w = w fr w v  (5.25)

with that, M  and M, are found from the conditions:

' dw2 3 _  (  dw j '
dr dr  (5.26)

V V Jr=a о

and
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4 dw2 ") f  dw, 2

V ш  Jr=bo v U Jr=bo

We are only interested in w3 with r = bQ\ after a number of transformations, the 
bending w may be presented as:

/ \ f  ftn

Y '  <5,2

where

з(1 - с г 2) Г а 2 - 1  1 / у
Г р -  -  ------- ’ . 2 т .O n a )  (5.29)

p л: 4 a  a  - 1

and

a0
« = ,  • (5.30)

uo

A similar scheme of solution is used for cases 4, 5 and 6 in fig. 5.17. In case 6 the 
bending looks as follows:

( \ v
Ы г=ь0 = К ч -Е1г W (5.31)

where

3(l — c t 2 ) f  , 4  / \ 1 1 6 /  \2

\ 6 [” c?* )_<7 cT2A ( > ] (532)
Coming back to fig. 5.16 a, we may say that the effect of the distributed force and 

reaction from the support onto the lower end of the central rod equals the superposition 
of the effect of the forces in cases 3 and 6 in fig. 5.17. Then we may write that the 
bending in the case in fig. 5.16a equals:

w =w -w . (5.33)
i - b  6 3

With r = b{), this bending in its value equals the contraction of the rod and the spring:
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w=AF0, (5.34)

where FQ is the resulting force contracting the system the rod - the spring:

l0 1
T 7  k '  (5-35)c ,0o 0 л.

lQ, S0, E0 are respectively the length, the cross-section and Young’s modulus of the rod; 
к is the rigidity of the spring.

The force F  can be presented as:

F = qS()+F. (5.36)

Let us equate the right parts (5.33) and (5.34) and we shall get:

щ К < - щ К * - ^ ° + А К  <5 -37>

Using this, we shall find F:

F T k - - a s °

А к л а  ' <538)
Eho3 P

Let us return to equation (5.36). The force F0, affecting the system the rod - the 
spring and responsible for their contraction, is composed by the force qSQ, affecting the 
area of the rod butt end, and the force F  with which the internal counter of the plate, 
receiving the pressure q by all of its surface, impacts the rod. In this way, the primary 
reason behind the appearance of the force FQ is the pressure q. In view of this, it would 
be useful to present the force F0 as a product of q multiplied by some effective circular 
surface:

S = n a 2eff (5.39)

with a free external counter (unlike the real surface naif with its pinched external

counter). Then

F0 = F  + q S 0 = q m i2f f . (5.40)
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Using this, we can calculate a •

_ a 0_  \a l K q + S QK p 

a -ff л/тг ]] a \ K p + E h \A  (5 '41)

The value a is exactly the real radius of the sensitive receiving surface of the receiver 
of pressure pulsations, which does not coincides either with the radius of the rod, nor 
with that of the hermetic composition. In our calculation, the latter played the role of the 
plate with a hole in its center. If this fact is neglected, there can be serious errors in 
measuring the spectra of pressure pulsations.

We paid much time to calculate the unit displayed in fig. 5.17 a , because of the 
general pattern of this calculation (in some sense, even universal), since such unit can 
be encountered practically in all piezoelectric meters of pressure pulsations flushed 
with the streamlined surface.

Let us now analyze the calculation of the effective dimension of the receiving surface 
of the third version of the pulsation meter. Schematically, the fixation of the sensitive 
element of such meter can be presented as in fig. 5.18. Here, /, b and h are respectively 
the length, width and thickness of the piezoceramic plate, q is the pressure affecting the 
plate area, X  is the coordinate. At the first sight it may seem that the receiving surface 
involves the entire area equal to lb. In fact, the pressure effectively impacts only the free 
end of the plate and the sections adjacent to its free end. Let us demonstrate it.

The sensitive element of the receiver of pressure pulsations is the section of 
pieziceramics which is polarized on its surface and occurs in the clearance between the 
electrodes (see fig. 5.8). The piezoceramic plate is pinched along the line AA. Thus, the 
polarized section immediately joins the line of pinching. It is known that in case the 
pinched plate bends accurately, the mechanical strain in the point of pinching is maximum 
on the plate surface and is determined by the expression

Fig. 5.18. Scheme of a fastening of a sensitive element.
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Mh
Lax = — , (5.42)

where M  is the moment of the bending force applied to the plate, I = bh3/ 12 is the 
moment of inertia relative to the plate axis in case its cross-section is rectangular.

The elementary moment of the pressure force in the section dX can be written as:

dM  = qbXdX. (5.43)

The moment of the complete force of pressure on the entire plate will be obtained by 
integration of (5.43) within the limits from 0 to I:

M  = q b j  X d X  = (5.44)
0  z

One can see that the moment of force squarely depends on the coordinate X. It means 
that the contribution to the common moment of force from the sections of the plate 
adjacent to the point of pinching (the small values of X) are lower than that from the 
sections whose coordinates are close to I. It is easy to show that 75% of such contribution 
to the common moment of force is made by the force of pressure on the half of the plate 
adjacent to the free end, and only 25% - by that half of the plate which is adjacent to the 
point of pinching. If we want to get certain accuracy, we may find that part of the plate 
length, which is effective in receiving the pulsations. If our accuracy is to be of 10%, we 
may say that the effective part of the plate makes up about 2/3 of its length. In such case, 
when designing the receiver of pulsations, it is feasible to choose the width of the plate 
equal 2/3 of its length (from the point of pinching). Then the effective receiving surface 
will be of square shape.

5.1.4. Methods to calibrate receivers of velocity and pressure pulsations

Calibration of velocity and pressure pulsation receivers is a most essential operation 
which primarily governs the reliability of information about the absolute values of 
excitations within the boundary layer and beyond its limits (in the oncoming stream).

The hot-wire anemometers and velocity pulsation receivers based upon the 
phenomenon of electromagnetic induction are easy to be calibrated in a stationary stream 
of water if its velocity is known and its turbulence is low. In this case, the sensitivity is 
found as a relation between the output direction of the meter and the value of the stream 
velocity (Hintse, 1963).

The electrochemical receiver of velocity pulsations and the piezoelectric anemometer 
described above cannot be calibrated in a stationary stream of water. Their calibration
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can be effected only by comparison with any calibrated receiver in a turbulent stream. 
To this end, the calibrated receiver and that to be calibrated are placed in the same 
turbulent stream and the indices so obtained are then compared.

Some qualitative idea about the working capacity and sensitivity of any velocity 
pulsations receiver, irrespective of its type, can be found by placing it into a turbulent 
stream of water and by registration of the input voltage. The thing is that the extent of 
turbulence in a turbulent stream at a distance from the grate and in the turbulent boundary 
layer on the flat wall usually comprises about 5 - 10% of the velocity in the oncoming 
stream. In this way, having got the measurements in these conditions, by using a velocity 
pulsation receiver of unknown sensitivity, and knowing the stream velocity in the point 
of measurements, it is possible to calculate the sensitivity of the receiver with the accuracy 
of 20 - 30%. In some cases it may prove sufficient.

To estimate the sensitivity of a piezoelectric anemometer and of a receiver of pressure 
pulsations (the third version), one can employ the method of static impact by a force of 
known value (Romanenko, 1976). This is demonstrated in fig. 5.19 where 1 is the 
piezoelectric anemometer or the receiver of pressure pulsations (the third version); 2 is 
the electrometric device calibrated in units of electric voltage, it has its input resistance

Fig. 5.19. Scheme of a meter calibration by the method of static impact by a force of known value: a -  for 
a second version meter, b - for a third version one. The designations are in the text.
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(impedance) of about 1012 - 1013ohm, 3 is the load of known mass P, 4 is the support of 
the piezoanemometer, 5 is the thread, 6 is the screened cable. If at a certain moment of 
time the load is quickly removed (i.e. the load is lifted up to such an extent that to 
weaken the thread on which it was hung), and then, in order to measure the electric 
potential on the piezoelement by using the connected device, one can estimate the 
sensitivity of the piezoanemometer. In this way we can compare the sensitivity of different 
piezoanemometers. There are many more methods to calibrate receivers of pressure 
pulsations than those to calibrate receivers of velocity pulsations. In terms of their working 
principles, the latter, in fact, do not differ at all from conventional acoustic receivers 
(hydrophones) for which a great number of calibration methods were elaborated 
(Romanenko, 1967, 1974, a).

In the first place, it is worth to mention the method of static impact similar to that 
just described here (see fig. 5.19, a, b). This method is applicable for estimation of 
sensitivity in receivers of pressure pulsations of the first two versions. There is only one 
thing necessary to see here - the static impact force should be directed perpendicularly 
to the receiving surface (for the first version of the receiver), or along the axis of its 
support (holder) (for the second version of the receiver).

Rather successful is also the method to compare the values from receivers calibrated 
in turbulent streams. The most suitable among acoustic methods is that of pistonphones; 
the one based upon drops in static pressure, as well as the method of shock waves. We 
are just starting to describe these three methods below.

Method o f  pistonphones. This method was elaborated and is used to calibrate acoustic 
receivers (microphones and hydrophones) within the low frequency spectrum (from 
some parts of hertz to 200 - 250 Hz) (Myasnikov, 1937). However, without any changes 
and with equal success, it can be employed for calibration of some types of pressure 
pulsations receivers.

Fig. 5.20, a, b displays the scheme of pistonphone devices. One of them is excited 
electrodynamically, the other - mechanically. In the first case, piston 2 is connected with

Fig. 5.20. Scheme of a pistonphone devices: a -  electrodynamic excitation, b ~ mechanical one.
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a mobile coil (4) within the clearance of the permanent magnet (or an electric magnet)
5. The excitation current from a special generator (fig. 5.20 does not show it) enters the 
coil and induces its oscillations which are transferred to the piston. A calibrated receiver 
of pressure pulsations 3 is installed inside the chamber. The latter should be hermitic.

In the second case, the variable acoustic pressure in chamber 1 is due to the oscillations 
of piston 1 which, in its turn, is excited by an electromotor and an eccentric. The pulsations 
receiver is installed in the same way as in the previous case.

The sensitivity of the receiver is found as the relation between the electric voltage on 
its output and the amplitude of pressure within the chamber. The amplitude is established 
according to the formula:

Av
p  = rp« X T ' (5.45)

V0

where P is the atmospheric pressure, Vf) is the volume of the chamber, Av is the changes 
in the chamber volume due to oscillations of the piston, у = 1.4 in case of the air. The 
changes in the volume are equal to the product of the piston area multiplied by the 
amplitude of its displacement. The displacement amplitude is measured either by an 
ordinary measuring rule (if the amplitude is sufficiently high), or by a microscope 6 (see 
fig. 5.20, a).

However, formula (5.45) is valid only within a comparatively narrow range of 
frequencies. The lower boundary of the range is specified by the condition:

34 y  > 10, (5.46)

due to the fact that within the range of low frequencies the adiabatic low of air deformation 
in the chamber gives way to the isothermal one. Here, S is the internal surface of the 
chamber.

The upper boundary of the range is governed by the condition

k i «  1, (5.47)

which requires the smallest-possible dimensions of the chamber, as compared with the 
wave length. Here, к = 2я/л, I is the chamber length, X is the length of the acoustic wave 
in the air.

The frequency limits to apply formula (5.45) can be expanded almost by two orders, 
if it is supplemented by respective correction for regarding the thermodynamic and 
wave phenomena (Romanenko and Boguslavskaya, 1968; Romanenko, 1976). Then the 
formula (5.45) will look as follows:
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Av
Р = ксуР0 — , (5 .4 8 )

Ч)

where

-  * -1-1

[ - е ~ х л[2со$ j£ +  — + —— c o s ^  +  £_2z)

f  f r '* >  -----------------------------  • (5.49)

, ,  c o s k l ( l - a )
c = k l  v . (5.50)

sin kl

Here,

X = 4 t J J ,  a  = j .  (5.51)

x is the coordinate of the sensitive element of the receiver of pressure pulsations as 
found along the axis of the cylindrical chamber from the median position of the piston.

Some companies manufacture miniature pistonphones to calibrate microphones at 
one fixed frequency. In particular, the Brull and K° (Denmark) manufacture pistonphones 
for 250 Hz, the RFT Company (Germany) makes pistonphones for the frequency of 
about 200 Hz. Such pistonphones have autonomous feeding, are very convenient in use 
and without any changes can be employed to calibrate receivers of pressure pulsations 
similar to those described above (the second version). It is only necessary to provide an 
additional simple intermediate device permitting to install into the chamber a calibrated 
receiver instead of the microphone. The intermediate device should contain a stuffing 
box guaranteeing the hermetic fixation of the receiver in the pistonphone.

Fig. 5.21 shows a pistonphone made by the RFT Company and three intermediate 
elements. The calibrated receiver of pressure pulsations is fixed in one of them. The 
three intermediate elements are supposed to fix one of the three different receivers of 
pressure pulsations which vary from one another by the diameter of their support.

Fig. 5.22 shows the same pistonphone with a receiver installed into its calibration 
chamber.

When calibration is effected by the method of pistonphones, calibration errors in 
receivers of pressure pulsations are not large, only of several percents, But when the
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sensor of the receiver is made of piezoceramics and directly contacts the medium around 
it (for instance, the second version of the receiver), the calibration error, within 
frequencies of units and tens of hertz, may become considerable due to the pyroelectric 
effect. Pyroelectricity is determined as some change in the polarization of the dielectric 
caused by the change in its temperature. Pyroelectricity is rather typical of piezoceramics 
which is usually employed to make sensors for receivers of pressure pulsations.

During calibration by pistonphones, their chambers alter not only their pressure but 
temperature too. Such changes in the temperature are related with those in the pressure:

A T  ~ An
T c  p ' , 5 5 2 )

Fig. 5.21. Pistonphone (1) (production of the RFT Company, Germany); 2.3,4 -  intermediate devices, 5 -  
meter.

Fig. 5.22. Pistonphone with a meter installed into its calibration chamber.
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where (3 is the coefficient of volumetric expansion of the medium within the chamber of 
the pistonphone (as a rule, it is the air); T() is the mean temperature of the medium, p { is 
the density; С , is the specific heat capacity of the medium at constant pressure; Ap is 
the change in the pressure.

As seen from estimations, in the air at T0 = 20°C AT = 10'4Ap. Changes in the 
temperature of the medium, due to those in the pressure, will yield a potential difference 
on the electrodes of the piezoreceiver, if the piezoelement has sufficient time to get 
heated to the temperature of the medium. To simplify the presentation, let us imagine 
that the receiver sensor is shaped as a flat platelet with the thickness li. The platelet has 
a bilateral contact with the medium. If the platelet, being an electric capacity C, is 
loaded to an infinitely large resistance, then the potential difference AU, developing on 
its electrodes at a temperature increase by AT, will equal

4.77/1
Л U = ------у 0Д 7\10 V, (5.53)

£

where eis the dielectric permeability of the piezoceramics, у is the pyroelectric constant. 
For example, if the facings of the piezoceramic platelet have £ = 1200 and h = 0.1 cm, 
when it is heated by 1°C, the potential difference will be about 20 V.

Using the relations (5.52) and (5.53), in order to find the pyroelectric sensitivity of 
the piezoelement in terms of pressure, we shall get

Ap £p\CpX

The expression (5.54) shows the limit sensitivity, i.e. the sensitivity in the condition 
that the pyroelement at each moment accepts the temperature of the medium (there is no 
heat inertia and heat convection when the heat is transferred from the medium to the 
piezoelement). The real sensitivity depends on the frequency of pressure changes. The 
process may be presented as follows:

4я/г/ЗГ0у0.1019 m

Д  - - - г г т г ?  ' (5-55)ьР г Р\ dm +co

where

a S

т = р ж т  <5 5 6 >



Chapter 5. Devices and methods for experimental kinematic and. 231

a  is the coefficient of heat transfer which, in case of quiet air, equals 2 -8  kcal/ sq m sec/ 
grade; p2, Cp2, S and V are the density, specific heat capacity, the surface and volume of 
the piezoelement respectively. Fig. 5.23 shows the experimentally measured (curve 1) 
relation between the pyroelectric sensitivity of the piezoelement in terms of pressure in 
total with the piezoelectric sensitivity and the piezoelectric sensitivity as a function of 
frequency. The material of the piezoelement is piezoceramics. The piezoelement is shaped 
as a platelet 0.01 cm thick. We have hatched the area of theoretically possible values 
determined by the relation (5.55) when a  changes from 2 to 8 and the expression for the 
piezoelectric sensitivity is known

4яЭ „D 7
M pyro = — ^ h 3 0 0 A 0 7V / P a ,  (5.57)

where Э is the piezomodulus of piezoceramics at all-round pressure.
If we remember that the formula (5.57) does not take into account the phenomenon 

of convection and that the phase shift between the pyroelectric potential and the 
piezoelectric potential is possible, then the accordance of the experimental data with 
the results of calculation can be considered satisfactory. The pyroelectric sensibility 
was measured in the air, and the sensibility was measured in the water by pistonphone 
technique. In this case we assume as the first approximation that the pyroeffect is absent 
in water. But sometimes we cannot neglect the existence of the pyroeffect in case when

Fig. 5.23. Relation between the pyroelectric sensitivity of the piezoelement in terms of pressure in total 
with the piezoelectric sensitivity and the piezoelectric sensitivity as a function of frequency.
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the pyroelement is submerged in liquid. We adduce the calculated maximal possible 
values of relation

M  + M  .
pyro  piezo

(5.58)
piezo

for the piezoelement submerged in various ambient liquids in table 5.1. The calculation 
was performed for three variants of the piezoelement application. In the first variant the 
piezoelement is under uniform pressure (the piezomodule du acts). In the second variant 
the piezoelement is under one-side pressure in the direction that the piezomodule d31 
acts. In the third variant the module cl„ acts. We can see that pyroeffect is completely 
absent only when the piezoelement is in the ambient water under the temperature of 
4°C. If water temperature is 25°C, then neglecting the pyroeffect can lead to the graduation 
error of 15% for the module du . If the working liquid is, for example, olive oil, then the 
error can reach 90%.

Let us now return to the specific features of calibration of pressure pulsation receivers 
by the method of pistonphones. An analysis of possible errors due to the pyroelectric 
effect demonstrates that such method of receiver calibration in the air is only possible at 
frequencies above 100 Hz (see fig. 5.23 ). If it is necessary to calibrate receivers of 
pressure pulsations by this method within the range of frequencies of units and parts of

liquid ttt du p at clyi at d3 з

water at 4° С 1 1 1

water at 20° С +0.88 +1.065 +0.98

water at 25° С +0.85 +1.08 +0.97

acetone -1.1 +2.15 +0.58

glycerine +0.57 + 1.23 +0.92

alcohol -0.30 + 1.70 +0.75

olive oil -0.1 + 1.61 +0.78

sulphuric acid +0.45 + 1.30 +0.89

kerosene -0.53 + 1.85 +0.70

carbon bisulphide -1.20 +2.23 +0.55

turpentine -0.25 +1.68 +0.75

ether -1.55 +2.43 +0.48

Table 5.1. Instrumental calibration error of the piezoelement submerged in various ambient liquids.
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a hertz, then the receiver should be submerged into water at 4°C. The procedure is as 
follows. The receiver of pressure pulsations is submerged into a glass with water and 
then together with the glass it is placed into the chamber of the pistonphone (if the 
dimensions of the chamber permit it).

The method based upon the drop o f  static pressure. This method was elaborated for 
calibration of miniature cylindrical hydrophones but it can be successfully used to 
calibrate receivers of pressure pulsations too. The technique is based upon a quick 
discharge of static pressure under which was the sensor of the receiver previously installed 
in a small thick-walled chamber covered with a diaphragm (Roi, Frolov, 1961). The 
chamber is supplied with air under a given pressure. At a certain pressure, the diaphragm 
gets broken and the pressure drops down to the atmospheric level. The electric voltage, 
developing at the exit of the receiver, is oscillographed. The sensitivity of the receiver is 
found as the relation between the maximum voltage and the pressure in the chamber 
before the perforation of the diaphragm.

The chamber (fig. 5.24) has a volume of several cubic cm. The upper lid of the 
chamber is the diaphragm 1 squeezed at its edge by a in-screwed ring with a rubber 
sealing 2. The diaphragm can be made of a film 35 mm wide. When the free part of the 
diaphragm is 23 mm in diameter, it gets broken at pressure of 10 to 13 at. Compressed 
air is supplied to the chamber from a cylinder through a reducer; the process is rather 
slow so that before the perforation of the diaphragm the pressure in the chamber could 
be measured. During the pressure rise in the chamber, the electric charge from the 
piezoelement of the receiver under calibration 3 should be able to flow down through

Fig. 5.24. Scheme of a chamber. (Redrawn from Roy, Frolov, 1961).
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the input resistance of the oscillograph connected with the receiver. However, the input 
resistance should be sufficient high, so that during the pressure drop after the perforation 
of the diaphragm the electric voltage at the output of the receiver would not drop because 
of the flowing piezocharges. In view of this, the pressure must be dropped as quickly as 
possible. This is the reason explaining the diminished internal volume of the chamber. 
With the chamber volume mentioned above, the pressure drop usually occurs at 200 
mAs. Hence, we shall have the following time constant RC\ С is the capacity of the 
piezoelement, including the lead and the entrance to the oscillograph, R is the resultant 
resistance of parallely switched-in resistances of the oscillograph entrance and of the 
leakage from the receiver. This constant should be at least by one order greater than 200 
mAs.

After the diaphragm gets perforated, the pressure becomes slightly lower than that of 
the atmosphere, due to the inertia of the scattering flow of gas. After some oscillations, 
the pressure strives to that of the atmosphere. Voltage oscillations during the period of 
about 500 mcs are marked by the receiver. The working oscillogram is displayed in fig. 
5.25. When determining the sensitivity, it is necessary to average the voltage oscillations 
and to relate the mean value with that on the manometer before the perforation of the 
diaphragm.

When the excess pressure is above the atmospheric one by about 10 at and more, 
there may be an error due to disregard of pressure oscillations, but such error is not 
large. If the excess pressures equal several atmospheres, the values should be averaged 
more thoroughly.

Calibration method by means the shock wave. The essence of this method is in that 
the sensitivity of the receiver of pressure pulsations is found by the value of electric 
voltage caused by the shock wave at the outlet of the receiver. The amplitude of the 
wave is established by the measured velocity of its propagation. The velocity of the 
shock wave and the voltage on the receiver outlet are found by the oscillogram 
photographed from the screen of the oscillograph (Roi, Frolov, 1961).

Fig. 5.25. The oscilloscope pattern. (Redrawn from Roy, Frolov, 1961).
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Fig. 5.26 shows the block-scheme of the device to calibrate such a receiver. Like in 
the previous case, the method was designed for calibration of hydrophones but it can be 
successfully applied to calibrate receivers of pressure pulsations. The shock tube 1 (in 
which the shock wave is initiated) is 50 mm in diameter and its wall is 5 mm thick. It is 
composed of sections 500 and 1400 mm long. The sections are divided by a diaphragm 
1 made of film. The diaphragm is clamped between flanges provided with packed rubber 
rings. From the bottle 3, compressed air is supplied to the short section of the tube at 
pressure of about 7 at before the perforation of the diaphragm. After the latter is 
perforated, the second section gets attacked by the shock wave of pressure. To prevent 
the receiver under calibration 4 from blows of fragments of the diaphragm, an insert is 
clamped between the flanges. It is shaped as a tube of 50 mm in diameter and 50 mm in 
length. The tube is tightened by a soldered brass grid 5 made of 0.5 mm wire with a 
mesh 5 x 5  mm. Soldering prevents the grid from breaking of wires after several 
perforations of the diaphragm.

To find the propagation velocity of the shock wave, there is a device measuring the 
time of its path over a certain known track. The sensors of the device are composed of 
detectors (6 and 7) installed in the wall of the second section of the tube. Detector 6 is 
700 mm away from the diaphragm, which is sufficient for the formation of a shock 
wave. Detector 7 occurs at 500 mm from detector 6. When the shock wave reaches 
detector 6, the oscillograph switches in its sweep marking the time traces. When the 
shock wave reaches detector 7, the time traces get switched off. The velocity of the 
shock wave is found as a relation of the distance between the detectors and the time 
necessary to cover this distance. The receiver under calibration is installed either along

Fig. 5.26. Block-diagram of device. (Redrawn from Roy, Frolov, 1961).
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the axis of the tube on its butt-end jam, or near the jam in the wall of the tube. It is 
possible to alter the position of the receiver so that to examine its sensitivity at different 
orientations in terms of the direction of the shock wave propagation.

The radiotechnical set-up of the device 8 should provide the following:
- the single-time triggering (start-up) of the oscillograph sweep 9 by a signal from 

the first detector, so that the reflected waves could not restart the sweep.
- the accuracy of the start-up, i.e. to initiate the starting pulses with a sufficiently 

steep front.
- sufficient accuracy to mark the moment when the shock wave arrives to the second 

detector.
- a sufficiently wide band of the transmitted frequencies, so that the signal from the 

receiver under calibration should not be distorted.
- the possibility to calibrate the channel amplifying the electric voltage gain of known 

value.
The block-scheme of the radiotechnical component is displayed in fig. 5.27 This 

component includes four main units. Unit I forms the starting pulse to trigger the sweep 
of the oscillograph from the voltage pulse of negative polarity coming from detector 6 
(see fig. 5.26) onto inlet 1 of unit 1. The starting pulse from outlet 1 enters the inlet of 
the oscillograph sweepblock.

Unit II forms the time traces. To this end, inlet 5, with the closed switch В , receives 
the non-interrupted sinusoidal voltage from a special generator (10 in fig. 5.26) with the 
frequency of 50 kHz. It is controlled by the voltmeter 11 and is converted into a sequence 
of negative pulses, which serve as time traces. The latter leave outlet 2 and enter the 
inlet of the channel amplifier which vertically deflects the ray from the oscillograph.

Unit III forms the electric signal switching off the time traces at the moment when 
the shock wave reaches the detector connected with inlet 2.

Fig. 5.27. Block-diagram of a radiotechnic scheme. (Redrawn from Roy, Frolov, 1961).
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Unit IV serves to amplify the signal coming from the receiver under calibration 
which is connected with inlet 2. The amplified signal goes through inlet 2 to the inlet of 
the oscillograph. Inlet 4 serves for directing the calibrated electric voltage of known 
value and of 50 kHz in frequency. With that, the switch В ] is disconnected and the 
switch B 1 is closed. The single-time start-up of the oscillograph to photograph the 
calibrated signal is effected by pressing a special button in unit I. The radiotechnical 
part of the scheme is fed from the voltage source 12.

The pressure wave, propagating in the second section of the tube, is transformed into 
a shock wave with a steep front and a flat-dipping pressure drop behind the front. The 
pressure is dropping slowly, according to the volume of the first section of the tube: the 
larger is the latter's volume, the slower is the pressure drop. The pressure immediately 
behind the front is related with the propagation velocity of the shock wave in the following 
way:

P2 2yM\ - ( y  - l )
= ------— -------’ (5 59)P{ 7 + 1 K ’

where P and Pn are the pressure behind the shock wave front and before it respectively 
(P equals the initial pressure in the second section), M  is the relation between the 
velocity of the shock wave and that of sound at given temperature, у is the relation 
between the air heat capacities at constant pressure and constant volume.

The shock wave gets reflected from the jam at the end of the second section. The 
pressure behind the front of the reflected wave (P ) is found from the relation:

Л, 2 y M ; - ( y - \ )
—  = ------ — ,------- • (5.60)
P2 7 + 1 v 7

where

. , 2 2yM,2 - ( y - l )

м ' - = -2 + ( г - 1) м Г  (5 -61)

The value of P2 may be accepted as equaling the pressure behind the front of the 
incident wave if the distance from the jam to the point of observation is not too large 
and the pressure behind the front of the incident wave will have no time to drop 
considerably.

The value у in the formulas is supposed to be constant, equaling 1.4. This is valid of 
shock wave pressures within several atmospheres. With higher pressures, this value 
may change due to dissociation of gas caused by its heating at the wave front.
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The above formulas make it possible to present in graphs (fig. 5.28 and 5.29) the 
following relations:

P2- P x=(p(Mx\  (5.62)

Pi-P\=(p(M{), (5.63)

which connect the excess pressure behind the front of the incident and reflected waves 
in the tube section, where the shock wave is propagating with the wave propagation 
velocity. As a rule, the value Fj is established as equaling the atmospheric pressure.

One thing should be born in mind: if behind the front of the reflected wave, at small 
distances from the jam, the velocity of gas particles is close to zero, then this velocity 
behind the front of the incident wave may be very high. The velocity of air particles 
behind the front of the incident wave may be found by using the formula

v = C' ‘ F r i ) H  7 .6 4 )

For instance, if the propagation velocity of the shock wave Csh equals 500 ms’1, 
which corresponds to Mach number M ] = 1.46, the value of v = 220 ms '. Therefore, 
while calibrating in incident waves, one should always remember that when the receiver 
is streamlined by an air current at high velocity, the pressure on the surface of the receiver 
sensor may considerably differ from that in the shock wave.

Fig. 5.28. Gauge air pressure back of the incident
wave front. (Redrawn from Roy, Frolov, 1961).

Fig. 5.29. Gauge air pressure back of the reflected
wave front. (Redrawn from Roy, Frolov, 1961).
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5.1.5. Velocity meters of streamlining

To measure the averaged velocity of the flow near the body of a freely swimming 
dolphin is a rather difficult process. One cannot employ Pitot tubes. The meter should 
be autonomous and the measurements should be effected automatically. Besides, the 
meter should be of low weight, of small dimensions and inert. It must also have a large 
dynamic range of values under measurement. Three types of velocity meters were 
successfully used to measure the velocities of streamlining over fishes and dolphins. 
These meters were as follows: impellers, a magnetic meter and that based upon the 
phenomenon of vortex stalls from the streamlined cylinder.

In case of biohydrodynamic studies, electrolytic impellers (Eguidis, Shakalo, 1971) 
and magnetic ones were used (Kaduk et al., 1971; Romanenko, Yanov, 1973). An 
electrolytic impeller is an electrolytic cell with its ohmic resistance changing in 
accordance with the rotation of its vanes. The necessary elements of such cell are two 
electrodes and one impeller submerged into liquid. The velocity of the latter is measured. 
The electrodes may be both immobile. In this case, the resistance of the cell alters, when 
the dielectric vanes of the impeller pass between the electrodes. One of the electrodes 
may be mobile (it is situated on the vane of the impeller). Then the resistance of the cell 
will alter due to the changes in the mutual location of the electrodes. The resistance of 
the liquid between the electrodes may be presented as follows:

R = R + A, (5.65)

where A - const, and R  is the variable part conditioned by the changes in the distance 
between the electrodes. In fresh water, when the electrodes are connected to some constant 
voltage, one can see the relation

r  »  A. (5.66)

Then, the variable component of the voltage, developing on the electrodes due to the 
rotation of the impeller, can be easily registered.

In marine water, at some constant voltage between the electrodes, one can observe a

reverse relation between the values R and A. These values prove to be of the same 
order only when some variable voltage of acoustic frequency is applied between the 
electrodes. With this, the voltage between the electrodes happens to be amplitudially 
modulated with such frequency of modulation which is governed by the rotation 
frequency of the impeller. It is true, the depth of the modulation is very small (about
0.015) but, nevertheless, it may be quite conclusively specified by certain methods.

Fig. 5.30 shows the set-up principle of the magnetic impeller. The body 1 is made of 
some non-magnetic material (for example, duralumin) and contains impeller 2 and coil
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3. The impeller has four vanes, two of them have permanent magnets which are glued- 
in (SN) as shown in fig. 5.30, b. Each vane is 10 mm long, 5 mm wide and 1 mm thick. 
The material of the vanes without magnets is stainless steel. That in the vanes with 
glued-in magnets is organic glass. The impeller axis is made flushed with the steel 
vanes and rotates inside bronze nests. The coil is glued-in tightly into the body. It contains 
about 200 loops of wire of 0.1 mm in diameter. The taps of the coil are connected with 
the meter by a screened cable 4.

The velocity meter works as follows. A stream of water runs onto the impeller in the 
way shown by arrows in fig. 5.30, a. A water stream impacts the sections of vanes, 
protruding from the impeller body, and induces their rotation. The poles of the constant 
magnets, moving in relation to the coil, initiate there an electromotive force of induction 
as short pulses of sufficient amplitude. These pulses are registered. The frequency of 
the pulses unambiguously depends upon the velocity of the on-running stream of water. 
Fig.5.31 shows the calibration dependence between the frequency of pulses and the 
velocity of the stream in such an impeller.

The working principle of a magnetic (electromagnetic) velocity meter is described 
in that part of this book which deals with meters of velocity pulsations.

The above meters of stream velocity have an essential drawback: they measure only 
one component of velocity (the longitudinal one). As a rule, the animal's movements 
are non-stationary, and the velocity vector during the animal’s motion may slightly change 
its direction. It is particularly noticeable in the caudal part of the dolphin’s body, which 
fluctuates especially strongly. In this part of the animal’s body the longitudinal component 
of velocity may be quite considerable. In some cases, it may prove feasible to measure 
the full vector of velocity in the streamlining current. To measure such complete vector

Fig. 5.30. Scheme of a set-up principle o f the magnetic impeller. The designations are in the text.
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of velocity is possible by using a meter based upon the phenomenon of the separation of 
a laminar flow during its transverse streamlining over a round cylinder, when a vortex 
track is formed (Katys, 1965). The frequency of such vortex separation can be found by 
the expression

/  = ^ / Д ,  (5.67)

where d is the diameter of the cylinder, U is the flow velocity, Sh is the Strouhal number 
which does not change much within the wide range of Reynolds numbers and equals
0.21. The relation (5.67) unambiguously binds the frequency of vortex separations and 
the velocity of the current. In this way, the assessment of flow velocity can be easily 
limited to measuring the frequency of vortex separations behind the streamlined cylinder. 
It was exactly such a meter which was designed and employed in biohydrodynamic 
studies (Romanenko, 1976).

Fig. 5.32 shows a velocity meter composed of a support 1 with an installed steel 
curved rod (diameter 1.5 mm) 2 and a receiver of pressure pulsations 3. The support is 
placed on the animal either on a special belt, or by means of the sucker, so that the 
receiver of pulsations could be in the vortex trace of the cylinder streamlined by the 
current. Inasmuch as the vortex trace behind the cylinder is sufficiently wide, the receiver

Fig. 5.31. Calibration dependence between the frequency of pulses and the velocity of the stream in such 
an impeller.
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of pulsations will remain in it or near it even when the velocity vector considerably 
deviates from its longitudinal direction. And it is the complete vector of velocity that 
will govern the frequency of vortex separations. In this way, the position of the maximum 
spectrum  of pressure pulsations, registered by the receiver of pulsations, will 
unambiguously determine the complete vector of velocity in the on-running current if 
the streamlined cylinder is perpendicular to the surface of the animal’s body and occurs 
sufficiently close to it. When the streamlined cylinder, together with the receiver of 
pulsations, is rather far from the animal’s body, there may be errors in measuring the 
complete vector of velocity due to the component of velocity perpendicular to the animal’s 
body, because this component practically does not impact the pattern of streamlining 
over the cylinder.

Fig. 5.33 demonstrates an approximate spectrogram of pressure pulsations behind 
the streamlined cylinder. The spectrogram clearly reveals two maximums. The second 
maximum corresponds to the frequency/,, which is twice larger than that of the first 
m axim um / . The presence of two maximums can be attributed to the fact that vortexes 
get separated from the streamlined cylinder alternately from its right and left sides in

Fig. 5.32. M eter of a flow velocity. The designations are in the text.

Fig. 5.33. Approximate spectrogram of pressure pulsations behind the streamlined cylinder.
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turn. If the receiver of pressure pulsations were situated strictly in the middle of the 
vortex track, the first maximum in the spectrum would not exist. However, in practice, 
as a rule, the receiver of pulsations is slightly shifted to this or that side from the axis of 
the vortex track. For this reason, the receiver can better register those vortexes, which 
occure closer to it. As a result, there develops some subharmonics of Struhal frequency. 
When calculating the streamlining velocity, one should take the frequency of the second 
maximum of the spectrum.

This specific feature of the velocity meter limits, to some extent, its applicability. 
For instance, it cannot be used to measure velocities in currents when their direction is 
not known beforehand or can vary within 360°. This drawback was eliminated in the 
design of a velocity meter displayed in fig. 5.34. This meter works on the same principle 
as the previous one. Its difference is in that both its streamlined cylinder and its meter of 
pressure pulsations are united in one element 1. The unit is a tube of piezoelectric 
ceramics. Its length is much greater than its diameter (for example, when the external 
diameter of the tube is 1.5 mm, its length may be 10 - 15 
mm). The internal and external surfaces of the tube are 
metallized. The central cable 2 of the screened cable 3 passes 
through the internal channel of the tube. Thanks to the 
soldering 4, cable 3 is in an electric contact with the 
metallized internal surface of the tube. The screening 
braiding 5 of cable 3 is welded to the external metallized 
surface of the tube. The place, where the tube joins the 
screened cable, is hermetically sealed by an alloy 6 of wax 
and rosin. The same alloy hermetically seals the butt-end 
of the tube 7 with the soldering 4. The tap of the screened 
cable 3 is connected to a recorder of any kind (for instance, 
a tape-recorder with sufficiently wide bands).

The device works as follows. The meter is installed into 
the curren t in such a way that the tube should be 
perpendicular to the current. In this case, when the tube is 
streamlined, its surface will separate vortexes and their 
separation will be frequency determined by the relation 
(5.67). At the moment of their separation, the stalled 
vortexes affect the streamlined piezoelectric tube and, as a 
result, an electric potential will appear on its metallized 
surfaces (electrodes). The spectrum of this potential contains 
a c learly  expressed  m axim um  at the frequency 
corresponding to that of the vortex separation. Unlike the 
previous device, this one has no subharmonics. Besides, its 
work does not depend on the direction of the current.

Fig. 5.34. Meter of a flow
velocity. The designations are in
the text.
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It goes without saying that streamlining over animals can be also measured by the 
thermoanemometric method described above.

5.1.6. Measurement of shearing stressis

To measure shearing stresses in the boundary layer is, in general, a task of exceptional 
technical difficulty (Shlechting, 1974). The universally accepted method requires 
simultaneous application of two thermal anemometers with a complicated scheme of 
power supply and of information procession. In view of this, application of this method 
to freely swimming dolphins seems to be practically unrealistic. Nevertheless, it became 
possible to design a meter for registration of shearing stresses in the boundary layer of 
a freely swimming dolphin and for automatic recording of the obtained information. 
The scheme of this device is presented in fig.5.35. The sensor of the device is a platelet 
1 fixed on a fine steel wire 0.25 mm thick 2. The platelet is 10 x 5 x 0.1 mm in size. The

end of the wire, on which the platelet is fixed, 
protrudes to 1.5 cm from the protecting tube with 
oval cross section 3. The oval cross section of the 
tube is 0.3 x 0.5 cm. Inside this oval protecting 
tube there is another guiding tube 4 of circular cross 
section. The wire with the platelet passes through 
this circular tube. The internal diameter of the 
guiding tube is slightly larger than that of the wire 
with the platelet, which permits the wire to be freely 
rotating in the guiding tube. The end of the guiding 
tube, being inside the device body 5, is welded to 
the end of the flat spring 6, which is 0.08 mm thick 
(the safe razor blade). The other end of the spring 
is clamped in the holder 7. The wire with the 
platelet is a lever receiving the shearing stress from 
the side of the water current, and transmitting this 
stress as a bending force to the flat spring 6. On 
the latter, near the holder 7 there is a tensosensor 
(a sensing element of strain gauge) 8, which accepts 
the stress and responds to it. The taps of the 
tensosensor leave the device body and, by means 
of a screened cable 9, get connected to the 
measuring circuit and to the recording device (a 

Fig. 5.35. M eter of the shearing stresses, small-scale autonomous tape recorder) fixed on the
The designations are in the text. dorsal fin of the dolphin.
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Fig. 5.36, 0 shows a picture of 
the meter of shearing stresses.

The meter works as follows. 
It is fixed on the dolphin’s body 
by means of the sucker, as shown 
in fig. 5 .36, b. The sensing 
platelet is located at 0.2 - 0.3 cm 
from the animal’s body. Bearing 
in m ind that the tu rbu len t 
boundary layer on the dolphin 
within the area of the middle and 
behind it is 10 - 12 mm thick 
(Romanenko, 1976), the distance 
between the platelet and the body 
surface makes up about 0.2 - 0.3 
of the boundary layer thickness. 
At this point of the boundary 
layer, the shearing stresses do not 
differ much from those on the 
streamlined surface (Shlihting, 
1974). The shearing stresses, 
affecting the sensor in the 
onrunning stream of water, induce 
a certain strain deflecting the 
p late le t tow ards the effect 
direction of the stream. This leads

Fig. 5.36. Picture of a meter of the shearing stresses (a) and a 
fixing version of a meter on the dolphin's body (b): 1 -  dolphin, 
2 -  recorder, 3 -  meter.

to the bending of the wire carrying the tensosensor and, accordingly, to changes in the 
latter’s resistance which are registered by the measuring circuit and by the recorder.

5.1.7. The techniques used to study dolphin kinematics. Accelerometers

The research has been carried out in two ways: with cine filming and with 
accelerometers. Usually the cine filming is performed with a fixed camera. However 
during a single run, the time, when the animal is in the camera coverage, is insufficient 
for the tracing and studying of the motion of reference points at the animal body. In 
particular, it is difficult to measure phase velocity of the propulsive wave on several 
areas of the dolphin body with this method.

In the described experiments there was fulfilled the cine filming with a movable 
camera, which slid slowly and smoothly, tracing the animal. As a result, the animal was 
captured and held in the frame for a certain time. In this case we were able to trace the
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dolphin movement during some periods of the body oscillation. Qualified diver performed 
the underwater cine filming through the meshy wall of sea cell, where the dolphin swam 
on the trainer orders.

The cine filming method has certain advantages. It is easy enough; it allows to get 
visual information on dolphin kinematics during free swimming. But this method also 
has sufficient limitations: the animal is held in the picture during the limited time period 
and it is difficult to decide if the dolphin moves uniformly or with acceleration. That is 
why the obtained information on dolphin kinematics has significant spread.

The accelerometer method, which we are going to describe, is much more accurate. 
It deals with diminutive accelerometers, which are fixed at the different points of dolphin 
body and make it possible to study the movement of these points during swimming. 
Signals of all accelerometers are simultaneously recorded on a single magnetic carrier. 
It allows us to study phase relations between these individual signals.

Another convenience of the accelerometer method is that it allows us to record 
information during a long time period; hence we can choose a certain interval of the 
record, which corresponds to a certain mode of the animal movement, and analyze it.

The diminutive recorder was fixed on the dolphin dorsal fin (Romanenko, Tchikalkin 
1974; Romanenko 1976); thus we could study the kinematics of a free-swimming dolphin 
(taking into account the influence of the attached devices).

The oscillating accelerations, measured at the points, where the accelerometers were 
attached, were recorded. In order to obtain the values of biases of these points we must 
twice integrate these accelerations over the time. It is not difficult, and does not add any 
errors under the condition that the step of integration is sufficiently small.

The mechanism of accelerometer is shown in fig. 5.37. It is a thin steel plate 1. Its 
thickness is 0.08 mm. It is fixed by one end in the holder 2. On one end of the plate the 
strain sensor 3 is glued; a small lead 4 is fixed on the other end of the plate. This 
mechanical part of the accelerometer is contained in a glass ampoule 5,1.4 cm in diameter 
and 7.5 in length. The inner chamber 6 of the ampoule is filled with oil (for example,

Fig. 5.37. Scheme of an accelerometer. The designations are in the text.
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silicone oil) that prevents seawater infiltration and damps the oscillating system of the 
accelerometer. The strain sensor is connected to the measuring system on the dolphin 
dorsal fin with the cable 7. The measuring system records the small variations of active 
resistance of the strain sensor that arise during oscillatory movement of the accelerometer.

5.1.8. Dolphin swimming speed measuring methods

One can think that it is not a very complicated task to measure the dolphin swimming 
speed in capture. There are two the most commonly used methods: the method of cine 
filming (Pyatetsky,Kayan, 1975; Pyatetsky, Kayan, Kozlov, Semyonov, 1978; Romanenko, 
1986a, Romanenko, 1995a) and the method of a diminutive impeller (Egidis, Shakalo, 
1971, Romanenko, 1976a, Yanov, Romanenko, 1972). We also used the third method, 
based on the dependence of the vortex detachment frequency on the incoming flow velocity 
(Romanenko, 1976a). The structure and the mode of functioning of the flow speed meter 
of the second and the third types are described in section 5.1.5.

When the first method is used, they film a dolphin swimming along the straight 
trajectory. Then frame-by-frame analysis is fulfilled. We measure the biases of the clear- 
cut points on the animal body in the stationary coordinate system during the known time 
interval.

When the second method is used, the calibrated diminutive impeller is fixed at a 
certain point on the dolphin body. Its rotation under incoming water flow causes electric 
pulses, which are recorded. If we know the frequency of the generated pulses, we can 
estimate the speed of the dolphin movement. Strictly speaking, the value that we measure 
in this case is not the speed of the dolphin movement, but this is the speed of the incoming 
water flow in the point of the impeller location. If we neglect the difference between 
these values we can come to wrong conclusions. This remark is right for the measuring 
of the speed of movement with the third method. Errors are also possible if the cine 
filming method is used incorrectly. For example, the plot of periodic variation of 
progressive speed of the dolphin is adduced in the work of Pyatetsky, Kayan, (1975). 
This variation amounts to 17-20% of the speed value and the variation frequency is 
equal to double frequency of the animal body oscillation.

The work of Videler and Kamermans (1985) describes the periodic variation of the 
dolphin speed, which is measured with the method of cine filming. This variation amounts 
to 20% of the speed itself. But in this case the frequency of variation coincides with the 
frequency of the animal body oscillation. Here to obtain the animal speed the authors 
chose a reference point: the point of transition from the rear edge of the dorsal fin to the 
dorsal surface. There was found a significant variation of the animal speed during one 
period of the tail fin oscillation. This proves that the values of acceleration and 
deceleration of dolphin movement are rather big. In particular, we fulfilled some estimates 
based on the data from work of Videler, Kamermans (1985), and they show that the
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acceleration amounts to 1.7 m s'2. In order to move with this acceleration a dolphin 
whose mass is 232 kg needs the thrust force of at least 394.4 kg, but this value is almost 
five times more than the thrust actually generated by the dolphin. The authors of the 
mentioned above work came to the same conclusions and were bewildered. The results 
of the measuring of the progressive speed of the dolphin movement contained significant 
error of the method. That is why there is a considerable periodic variation of the measured 
dolphin swimming speed. The work of Pyatetsky, Kayan, (1975) has the same drawback.

Similar errors are caused by inefficient choice of the reference point, which is used 
for calculation of the animal progressive speed. Videler and Kamermans (1985) chose 
the reference point in the area of transition from the rear edge of the dorsal fin to the 
dolphin dorsal surface (fig. 5.38). In this case the shift of this point projected on the 
movement direction varies its value with the frequency of body oscillation. In the work 
of Pyatetsky, Kayan (1975) the reference point was located at the divergence of the tail 
fin (fig. 5.39). In this case the shift of this point projected on the movement direction 
will vary its value with the doubled frequency of body oscillation.

Fig. 5.38 shows the shift of the point В (the point of transition from the rear edge of 
the dorsal fin to the dolphin dorsal surface) during the active dolphin swimming. There 
are three phases of an oscillating cycle of the animal movement. During the first phase

Fig . 5 .38 . A schem atic  
representation of the shift of the 
p o in t В d u ring  the active 
dolphin swimming.
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the tangent to the medial line of the dolphin in the region of the point В is horizontal, 
during the second phase, it is sloping under positive angle, and during the third phase, it 
is sloping under a negative angle. Correspondingly, the point В shifted forward in the 
second phase (by value of -8x) and shifted backward in the third phase (by value o f +8x) 
in relation to the vertical axis n, which passes through the point В in the first phase of 
the movement. When point В moves forward, its speed in a stationary coordinate system 
is greater than the average speed of the dolphin swimming, when point В moves backward 
its speed is less than the average speed of the dolphin swimming. The period of speed 
variation is equal to the one of the animal body oscillation. For the case adduced in fig. 
5.39, the point В located near the dolphin tail fin twice for a period slips forward by the 
value of -8x relatively the line n, which passed through this point at the moment when it 
was crossing x-axis. As a result, the speed variation has double frequency.

To support this statement we adduce the results of the experimental measurement of 
the dolphin progressive speed with the cine filming method. This experiment was 
accomplished on three dolphins (Tursiops truncatus). There were two female and one 
male dolphin. One of the females was of 2.08 m at length and of 180 kg, the other 
female was of 2.36 m at length and of 220 kg; the male was of 2.12 m at length and its 
mass was 200 kg. Kinematics of the dolphins was studied in a sea enclosure with the

Fig. 5 .39 . A sch em atic  
representation of the shift of the 
p o in t В d u rin g  the ac tive  
dolphin swimming.
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cine filming method (figure 5.40). The sea enclosure belongs to the Utrish sea station of 
the RAS A. N. Severtsov Institute of Ecology and Evolution. The enclosure had two 
parts. The animals were kept in the first part, which was a 100 m2 (10 x 10 m). It was 
formed by nylon netting with mesh size of 10 x 10 cm, which had a shape of a sack and 
was fixed within the frame of steel pipes. There was a platform in this part of the 
enclosure, marked as number 2. The other part of the enclosure is marked as number 3. 
It was a long passageway that linked the first part of the enclosure with the waterside. It 
was made of the same nylon netting. The passageway length was 70 m, its width was 6 
m, and the depth was 3 m. There was a floating platform 4 at the waterside. During the 
experiment the dolphin was in the second part of the enclosure. The dolphin was taught 
to swim from one end of the passageway to the other. The dolphin was motivated by 
feeding at the both ends of the passageway. The operators, who fed the dolphin, were

Fig. 5.40. The sea enclosure. The designations are in the text.

Fig. 5.41. The rubber vacuum caps on the dolphin’s body. The designations are in the text.
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located on the platforms 2 and 4. A camera-man-diver accomplished cine filming through 
the side-wall of the enclosure.

The main feature of the experiment was that among the points on the animal body it 
was possible to choose those, which defined conditions for optimal estimation of the 
dolphin progressive speed with the least possible error. In order the points were clear, 
they were marked with white rubber vacuum cups (fig. 5.41, points 2-11 and 13). The 
vacuum cups 2-11 were fixed on the animal flank along its median with a certain interval. 
Other points on the animal body that we used were point 1 (the end of rostrum) and 12 
(divergence point of the tail fin). These points were clear on the film pictures without 
any marking.

Fig.5.42 shows the plots of speeds of movement for various points of the dolphin 
body during a period of oscillation. The averaged values in points 1-10 are adduced in 
the upper plot (a). The confidence interval contains two standard errors; the confidence 
probability is 95%. Clear periodic variation of the speed is marked for the points 9 - 1 3  
(b, c, d, e ,f). In this case the period of the speed variation in the points 9 -  12 is double 
period of the body oscillation. Variation of the speed at point 12 from its minimal value 
to the maximal one amounts to 28%. This agrees with the data from the work of Pyatetsky, 
Kayan (1975). The period of variation of speed of point 13 (fig. 5.42/) is equal to the 
dolphin body oscillation period. In this case the values of speed differ by 21%. This 
result agrees with the data from the work of Videler, Kamermans 1985, though the 
locations of the points being compared do not exactly coincide. But the character of 
shifts of the observed points is the same in both cases. The plots of variation of the 
longitudinal component of the speed for two points of the dolphin body are adduced in 
the fig. 2 from the work of Videler, Kamermans (1985). These points are the end of tail 
fin and the point of transition from the rear edge of dorsal fin to the dorsal surface, 
whose location is relatively close to the location of point 13 from fig. 5 .42/ o f  this 
work. These plots well agree with ours (fig. 5.42 e, f). But Videler and Kamermans 
could not give satisfactory explanation for their data.

Variation of speed for points 1-8 are of irregular pattern. As a rule it does not exceed 
±4% of the average speed. These points are located on the medial line in the front and 
middle parts of the dolphin body. They are less involved in the oscillatory movement 
then the others.

Variations of speed of the points 9-13 (from its minimal value to the maximal value) 
are more significant when the dolphin moves with acceleration. In particular, variation 
of the speed of the point 12 is =47% of the mean value. See fig. 5.43.

The absence of visible variations of speed for points 1-8 can be explained by the 
character of the amplitude function shown in fig. 5.44 (on the data from works of Yanov 
1990c, Romanenko 1994a, b; Romanenko 1995a). We can see that the amplitudes of the 
dolphin body oscillation at these points are significantly less than the amplitudes in the 
tail area (points 9-12). That is why at these points the phenomena shown in fig. 5.38 and



Fig. 5.42. The plots of speeds of movement for various points of the dolphins body during a period of
oscillation. The designations are in the text.
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Fig. 5.43. The speed of the point 12 during a period of oscillation. The designations are in the text.

5.39 are less apparent. We can say that the 
points 3-5 are optimal for the measurement 
of the dolphin movement speed. These 
points are located on the median of the 
dolphin body in the region of the amplitude 
function minimum (fig. 5.44).

Let us estimate the pulsation component 
of the speed of dolphin swimming with a 
mathematical model. We assume that the 
dolphin moves under the effect of the 
pulsating force, which is graphically 
represented in fig. 5.45. Apparently, the 
frequency of the force pulsation is double 
frequency of the dolphin tail beating 
because the thrust is positive under either 
tail movement (up or down). The pulsating 
dolphin thrust FT can be written as

f
F T = F 0 l + s in ^ 2 f i» - - J  . (5 .6 8 )

Fig. 5.44. The amplitude function of the dolphin.
(Redrawn from Yanov, 1990).
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In order to evaluate the pulsation component of the speed by formula (5.82) we use
the data from the work of Videler, Kamermans (1985) on Tursiops truncatus, which is
adduced in table 5.2.

Firstly let us estimate the relation of terms of the numerator and denominator of the 
second fraction in the right part of expression (5.82):

2 A U 0 C Dp S hU 0
0 = l) h- 0 = 0.0048. (5.83)

2 m со 2 m со

We assumed the value of the drag coefficient CD= 0.003 (Romanenko, 1995 a). The 
estimation by (5.83) shows that the first terms of the numerator and denominator of the 
fraction in the right part of expression (5.82) are negligible in comparison with the 
second terms. Then formula (5.82) obtains its final appearance

a  = _ ^ s i n 2 ® f  (5 84)

m 2 со

In order to obtain the numerical estirhates we need the relative amplitude of the 
pulsation component of the speed. We can obtain it if we divide both left and right parts 
of expression (5.84) by Uu and use relation (5.75):

и C Dp U 0S h
77" = .—  . (5.85)U01 Am со

The substitution of the data from table 5.2 into this formula yields

I I
"  -  (Ш024 (0.24% ). (5 .86)

l^o

UQ, ms 1 S,„ nT от, kg f  Hz
2.35 2.16 232 1.1

Table 5.2. Swimming parameters of Tursiops truncatus. (From Videler and Kamermans, 1985).



C h ap te r 5. D evices and  m ethods fo r experim ental k inem atic  and. 257

The final result proves that the pulsation component of the dolphin swimming speed 
is very small and it cannot be detected with traditional methods. Possibly this is the 
reason why there is no indication of the harmonic pulsation component of the dolphin 
swimming speed in the adduced above plot (fig. 5.4 a). We ought to consider that the 
existing irregularity (about ±4%) is caused by a measurement error.

Thus the pulsation components of the dolphin swimming speed, discovered by some 
researchers and amounting to 17-20% of the mean speed, are the results of a wrong 
choice of the reference point on the animal body. In order to exclude this error it is 
necessary to choose the reference point on the animal median in the forward part of its 
body, preferably at the distance of about 0.3 of the body length from the tip of its nose.

5.2. Methods and instruments for recording of biohydrodynamic
information

Biohydrodynamic information can be recorded either with telemetry technique, or 
with autonomous instruments fastened directly on the animal’s body.

Telemetry technique now has wide application above all for some technical sciences 
and for industry. For many decades telemetry has been used for oil industry, meteorology, 
space research etc.

In biology they started to use telemetry much later. At first it was applied to animal 
migration studies. The development of microelectronics allowed us to use telemetry 
technique to acquire some data related to physiological parameters of animals. There 
are two main telemetry methods: by means of wire communication between the object 
of the study and the research equipment, and by means of the wireless communication.

The first method is simpler and it is more frequently used in the laboratory studies. 
But often the usage of wire circuit that connects the object with the apparatus is not very 
convenient, especially if an object is a mobile one. For wireless communication they 
often use radio waves, or sometimes, acoustic waves, or on very rare occasions optical 
communication. The best technique is radio telemetry. It provides wide range of 
capabilities. In particular, the researcher can acquire data of observations directly in the 
course of experiment. Sure, this way is more complicated because some interferences 
and information distortion can arise in the radio channel and we must take some especial 
action to correct it. Here we adduce the opposite remark of the American scientist Holter 
who said at the biotelemetry symposium in New York in 1962: “Solving the problem of 
co-operation between a physicist and biologist I would like to appeal for using electronic 
equipment which corresponds the aims of the biological experiments being at the same 
time as simple as possible. Among the engineers there is a trend to go in for the splendid 
circuit decisions and to forget the destination of this equipment” . And more: “I propose 
to use telemetry not for telemetry itself but only in those cases when it is the best 
technique.” (Holter, 1965). We can hardly add anything to this.
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Telemetry makes its first steps in the area of biohydrodynamics. There are only a 
few works that use the telemetry technique in a certain degree. There is no hazard of 
over-indulgence to telemetry. We rather need a wide advocacy of this method of studying.

The technique of recording of biohydrodynamics information with the autonomous 
devices fastened on the object of study has no precedent. This is quite a new method. 
Taking into account fast progress of technology we see that this method is very promising. 
Our experience in usage of diminutive autonomous recorder for the biohydrodynamic 
and bioacoustic information recording directly on the animal was very fruitful. We ought 
to remember that our experiments were fulfilled in 60-70s of the 20 century, when 
contemporary storage devices did not exist. Thus our instruments have now rather 
historical value. But the scientific materials, which were achieved with those devices, 
are still relevant. So we choose to give here the comprehensive description.

Before we come to the description of particular designs in this area, let us explicate 
the basic principles of the communication theory and information theory. Knowledge of 
these principles is useful for everyone who deals with measuring technology, 
communication, information recording and storage.

5.2.1. General concepts

We can define the concept of information as data that are acquired, communicated, 
stored and processed (We adduce here the general concepts of information theory as 
they were formulated in the book “Biological telemetry” , edited by academician V.V. 
Parin, 1971). Information has either statistical form, when it is stored (as records, images, 
etc.) or dynamical form, when it is transmitted (as physicaj, biological, chemical and 
other processes).

The quantitative measure of information or of information capacity of a storage or 
communication system was proposed in 1927. It is called binary unit or bit. If the cell 
where information is stored has n allowable states then two such cells have ir  possible 
states, and m cells have ri" possible states. It means that there is an exponential dependence 
between the number of cells and the number of allowable states. According to this fact 
there was introduced the logarithmic measure of information capacity

С = logN. (5.87)

Here N  is the number of possible states of the system. This measure meets the additiveness 
condition, i.e. the quantity of information that is stored in m identical cells is m times 
greater than the quantity of information that is stored in one such cell. Information 
capacity of the system that consists of m cells and has N = ri" states is equal the capacity 
of one cell multiplied by the number of cells
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С = log /7"' - m  log n. (5.88)

If we use the binary logarithm then the information capacity of the system is the 
number of elementary cells, each has two possible states. The capacity of this simplest 
binary cell is “binary unit” or “bit”.

Certain information capacity can be filled by various quantity of information 
depending on technique of information coding.

Information can be communicated from one point to another with a communication 
system, which consists of a transmitter and a receiver connected by a communication 
line. The communication line is either wires or a space where waves of light or sound or 
radio spread.

A set of data that must be transmitted to an acceptor is a message. A sender is a 
source of the message. In a biotelemetry system this is an alive organism which we 
study with applied sensors. The message is transformed into corresponding signal in the 
transmitter and transmitted with the line of communication to the receiver, where the 
reverse transformation of the signal into the message is performed.

Carrying capacity is one of the main characteristics of the communication system. 
This is a quantity of information that can be transmitted in this communication system 
in the unit of time with a certain accuracy of transmission. In reality, any message is 
always affected by interferences. Therefore a communication system must be capable 
to withstand interference effect. This feature of the communication system is called 
noise-immunity.

Several d ifferen t m essages can be transm itted  sim ultaneously  through a 
communication line. Each message is transmitted in a separate channel. The channel 
means here the set of technical devices that support the transmission of the message 
through the common communication line regardless of another messages transmitted 
simultaneously. Thus, if our communication system becomes a multichannel one, then 
its efficiency increases. However in this case the problem of separation of the different 
channel signals arises because all the signals are transmitted in a single communication 
line.

Some electric processes can not effectively spread along communication circuit. 
Only direct current and low frequency alternating current easily pass through a wire 
line. Only electromagnetic oscillation of high enough frequency easily passes through a 
radio channel. That is why to form a signal we need a carrier, which spreads most 
effectively in a particular communication line. For radio line this carrier is usually a 
sine-like electromagnetic oscillation, described with certain parameters such as amplitude, 
frequency and phase. If these parameters are constant, we cannot transmit any message. 
That is why we must vary one of the parameters according to the message, i.e. we must
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modulate carrier. The carrier whose parameters are modulated is a signal. This signal is 
emitted into space by the antenna of transmitter and spreads to the antenna of the receiver. 
The amplitude modulation (AM), frequency modulation (FM) and phase modulation 
(PhM) are used in wireless communication.

We also can use a series of pulses of direct current as a carrier. In this case the 
parameters of the pulse series are the following: the amplitude, pulse-repetition frequency, 
pulse duration. Accordingly we have the pulse-amplitude modulation (PAM), pulse- 
phase modulation (PPhM), and pulse-duration modulation (PDM). There is also so- 
called pulse-code modulation (PCM). This modulation transfers different messages into 
corresponding pulse combinations, which are the codewords. We can also use the 
sequence of radio-frequency pulses as a carrier. Beside the modulations based on the 
pulse amplitude, pulse-repetition frequency and pulse duration we can modulate the 
carrier waveform itself. There are a great number of these complicated modulations. We 
designate them by two groups of letters: the first group designates the type of modulation 
of the auxiliary oscillation (subcarrier), the second group designate the type of modulation 
of the carrier by the subcarrier. For example, the frequency modulation of the subcarrier 
and the frequency modulation of the carrier is FM-FM, the amplitude modulation of the 
subcarrier and the frequency modulation of the carrier is AM-FM etc. In terms of system 
simplicity, required input power and reliability the FM-FM system is the best. But all 
systems with FM have one essential imperfection. The signals, whose level is lower 
than some threshold, are heavily distorted due to spurious AM modulation caused by 
the transmitter field interference.

Let us consider interrelation between the parameters of the signal and the parameters 
of the channel communicating this signal. One of the signal characteristics is its volume.

V = T F H .  (5.89)
s  s  s  s  4 7

Here T  and F  are correspondingly the duration and the bandwidth of the signal, 

t f v = ! o g y ,  (5.90)
n

P and Pn are the mean powers of the signal and of the noise.
Similarly we can characterize the communication channel.

V ,= T rFrH r , (5,91)

Evidently, the condition of the signal transmission is

Vc »  Vs . (5.92)
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and so we can vary the signal parameters, but if the volume of the signal remains the 
same, the signal and the channel will be still matching. For example we can increase the 
transmission time and by this decrease the bandwidth, and so on. For this purpose we 
can apply different coding methods.

Coding is transferring of the message from one form to another in order to solve a 
certain task. The coding is used in communication engineering to form rational and 
efficient conditions for the message transmission. The code is some law or system of 
rules, which determines message transferring from one form to another. A lot of different 
coding methods were developed and studied.

In practice important characteristic of the communication channel is the limit of 
throughput or capacity C, i.e. the quantity of information that can be transmitted with 
infinitely small error probability through the communication channel.

We can see from this formula that if the signal power and the channel bandwidth 
increase the extreme rate of throughput of the channel and the maximal speed of the 
message transmission also increases. If the channel has very high interference level (P 
»  P )  then its capacity and its maximal speed of transmission are near zero. But such 
channel has some throughput although it is significantly decreased. We could use even 
this channel if we apply special methods of accumulation, correlation and coding. But 
formation of the channel, which has unlimited throughput is practically impossible, 
because there are various fallibilities in transmitting and receiving devices.

The characteristic feature of a multichannel system is a channeling device on its 
receiving end. In fact, the channeling is a signal extraction on the interference background. 
In this case the interference is the signal of the neighbor channel. The most accepted 
methods of channeling are time channeling and frequency channeling. Any signal has a 
limited frequency spectrum. Any receiver has to contain a frequency filter passing only 
the frequency spectrum of its signal. Such division is called frequency channeling.

In time channeling system the communication line alternately passes signals of 
different channels. This occurs due to a special commutator (switcher). The similar 
commutator at the receiving end, which works synchronously with the first one, separates 
signals of different channels. Under the condition of the multichannel transmission there 
is always a hazard of mutual impact of different channels. This phenomenon is called 
mutual interference.

In the case of frequency channeling signals of neighboring channels passing through 
a filter of a certain channel interfere with useful signal reception. To depress this 
interference, protective frequency bands are introduced between channels.

f  p )С = Fc log 1 + ~  . (5.93)
V " У
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In case of time channeling the mutual interference is caused by the “inertia” of the 
communication line. Each communication line contains elements that can store electric 
energy. These are inductances and capacitances. Existence of these elements causes a 
distortion of the transmitted signal waveform as the energy that is stored in the line due 
to a certain channel signal is summed with the energy of neighboring channel signals. 
Now let us consider specific telem etry developm ents that were used in the 
biohydrodynamics researches.

5.2.2. Telemetry in biohydrodynamics

The progress of the microelectronics gave us the possibility to make the autonomous 
telemetry instruments that can be fastened on a dolphin or any other animal of similar 
size. The choice of the telemetry technique is defined by the kind of information, which 
we must transmit with this telemetry equipment, and by the conditions of the information 
transmission.

The equipment that we are going to describe here (Yanov, Romanenko, 1972) is 
assigned to transmit the information on the structure of dolphin boundary layer and the 
speed of the flow around the dolphin body. If the speed of the dolphin’s movement is 
below 5 - 1 0  m s 1, we can consider the information about the flow speed to be a 
narrowband process (50 -  100 Hz) and the information about the flow pulsation to be a 
wideband one ( 1 - 2  kHz). Besides, we need similar information at several points of the 
dolphin body surface.

When the dolphin is in a limited area of netting passageway, the conditions of the 
transmission from the dolphin let us choose the radio-current communication channel. 
This channel has a small range but there is no reverberation, which is typical for an 
acoustical communication channel.

We needed a short-range communication inside the netting passageway. But in the 
area there was relatively narrowband interference from the frequency close radio stations 
and radio beacons. This communication conditions made us choose the amplitude 
modulation of the carrier of the autonomous transmitter.

Taking into account the described features of the useful inform ation and 
communication conditions we developed multichannel telemetry autonomous equipment 
that allowed logging of the following parameters:

1. The speed of the flow around the dolphin body at three different points 
simultaneously

2. The pressure pulsation (or the speed pulsation) at three different points 
simultaneously

3. The frequency of the dolphin body undulation
4. The frequency of the dolphin respiration
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Alongside with these parameters three calibrating signals were transmitted. They 
allowed measuring of absolute value of pressure or speed pulsation, if the sensibility of 
pulsation receivers were known. The calibrating signals also let us monitor the 
communication channel (to check the equipment correctness and readiness).

There were three radio transmitters in the apparatus. The transmitters had the carrier 
frequencies 106.85, 148.75 and 161 kHz. The amplitudes of these carriers were modulated 
by a noise signal from the sensors of pressure pulsation or speed pulsation (in the band 
20 -  1500 kHz) and by a signal of the amplitude calibrating with the frequency of 2 kHz. 
The depth of the carrier modulation by the calibrating signal was 6%.

To transmit the information on the speed of flow around the body and undulation 
frequency, each transmitter used two subcarriers. The first subcarrier was the calibrating 
signal (2 kHz), manipulated with amplitude pulses of the second subcarrier, which was 
a sequence of square waveform pulses. The rate of the pulse repetition carried the 
information on flow speed and on the dolphin body undulation frequency ( 2 - 3  Hz). 
The pulse-frequency modulation of the second subcarrier took place. The first subcarrier, 
which was modulated on amplitude by square wave pulses remained the calibrating 
signal, but it also can carry the low-frequency (to 100 Hz) information on the flow 
speed. This information was concentrated in the frequency range near the first subcarrier 
frequency (2 kHz) and did not overlap with the band of the noisy signal of the pressure 
or speed pulsation from 20 to 1500 Hz.

The power of the transmitter outputs on the resistance of 10 Ohm in the silence mode 
was 50 mW. The equipment could work in the continuous mode or in the waiting mode. 
Duration of the continuous work amounts to 1 -  1.5 hour, duration of the work in the 
waiting mode amounts to 5 0 -1 0 0  hour. Control of the radio transmitters in the waiting 
mode was performed with the command radio line by means of a transmitter, which was 
a standard oscillator (G3-33), and a receiver, incorporated in the housing of the 
autonomous complex.

The frequency of the controlling radio signals of the command radio line was 185 
kHz, the current consumption in the waiting mode amounts to 1.5 mA, in the continuous 
mode it amounts to 200 mA. The equipment was supplied from the autonomous power 
sources, which were the storage batteries (7D-0.1).

The volume of the apparatus with the power source was 400 cm3, with the 
encapsulating housing it was 500 cm3.

The weight of the apparatus without the power sources was 500 g, the weight of the 
apparatus with the power source was 700 g.

Reception of the signals was performed by industrial radio receivers “Volna-K”. 
Each of them was tuned to one of the carriers. The bandwidth of the receiver (6 kHz) 
provided undistorted reception of the information.

Let us discuss how the telemetry communication circuit operates (fig. 5.46). If we 
need to observe the animal behavior for a long time, the transmitters of available
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information in all three channels are usually off. Only the receiver of the command line 
is switched on. This receiver is a part of the autonomous apparatus. Its power consumption 
is very small. When we need to turn the transmitters on, we supply the pure sine signal 
of 185 kHz from the oscillator G3-33 to the radio current channel during 2 - 3  seconds. 
The receiver of the command line receives this signal and turns the transmitters on by 
closing their supply circuits during 20 -  25 second. During this time available information 
is transmitted to the shore on the three carrier frequencies (fv f 2, f }). This information is 
received by the receivers (Volna-K) and then logged by multichannel recorder.

When we study the dolphin hydrodynamics within the limited water space, it is worth 
to use the apparatus in the continuous mode because the experiment duration is less 
than 1 hour. In this case the receiver of the command radio line is switched off, the 
transmitters are connected with the power supply source and continuously transmit the 
information, and the receivers continuously receive the information, which comes from 
the flow speed sensors and from the pressure or speed pulsation sensors.

The measuring system contains three pressure or speed pulsation piezoceramic sensors 
and three flow speed meters of the impeller type. The scheme of the multichannel 
measuring system, which is used to determine the dolphin hydrodynamic parameters, is 
shown in fig. 5.47.

Fig. 5.46. The telemetry communication circuit. The designations are in the text.
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The dolphin 1 is in the netting corridor 2 of 75-120 m length, of 3 m width and of 2- 
3 m depth. The sensor system and the autonomous apparatus are fastened on the dolphin. 
During the dolphin movement the radiating antennas of the three autonomous transmitters 
and the antenna of the command line receiver are drawn behind the autonomous complex 
as four thin wires 4 of 1.2 mm in diameter. These wires electrically touch water. For this 
purpose 20-30 mm at the end of each wire are stripped. The rest parts of the wires (from 
the transmitters to the bare ends) are insulated from water. The metal housing of the 
autonomous complex serves as the grounding pole of the radiated antennas. The lengths 
of the antennas vary from 1.5 m to 2.5 m in order to avoid contacts between the bare 
parts which can destroy the transmitters operation. The receiving antenna of the data 
channel receivers is made of wires, which are stretched along the perimeter of the corridor. 
At the same time, these wires form the radiating antenna of the command radio line. 
The ends of these wires are soldered to the metal plates 5, which electrically touch 
water. The grounding is formed by the metal plates 6, which are located at the opposite 
end of the corridor. They also are contacting water. Antenna is connected with three 
receivers 7-9 tuned to the corresponding carrier frequencies. And during the launching 
signal radiation (2 - 3 s) the transmitter of the command radio line 10 also gets engaged 
with the antenna. Relevant information from the transmitter outputs is recorded by the 
multichannel recorder 11.

Fig. 5.48 shows the functional arrangement of the telemetry complex, which contains 
three identical transmitters of relevant information and the receiver of the command 
radio line. Each transmitter consists of three functional circuits:

1. The circuit that forms the carrier, modulates it by available information and 
magnifies its power;

Fig. 5.47. The scheme of the multichannel measuring system. The designations are in the text.
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2. The circuits of preamplifier, noise signal of pressure or speed pulsation delimiting 
and summation of this signal with the signal of the amplitude calibration;

3. The system of the streamline speed measurement, which uses additional pulse 
frequency -  pulse amplitude modulation of the amplitude calibration signal.

The sine-like oscillation generated by the basic frequency generator 1 is supplied 
through the matching stage to the amplitude modulator 2, which modulates it by the 
low-frequency signal of available information (the total signal of pressure or speed 
pulsation and pulse frequency -  pulse amplitude modulated signal of the amplitude 
calibration). The amplitude-modulated carrier from the modulator is supplied to the 
power amplifier 3 and is radiated into the sea water.

The noise signal of pressure or speed pulsation from the piezoelectric capacitive 
sensor 4 conies to input of the preamplifier 5, which has high input resistance (around 
hundreds of megOhm) and a low level of self-noise (several pV in the frequency band

Fig. 5.48. The functional arrangement of the telemetry complex. The designations are in the text.
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20 -  2000 Hz). The gained signal comes through the filter of low frequencies 6, whose 
cutoff frequency is 1500 Hz, and then it is supplied to the linear adder 7. There it is 
added to the pulse-frequency -  pulse-amplitude modulated signal of amplitude calibration.

Incoming flow rotates impeller 8 during the dolphin movement. The constant ferrite 
magnet is mounted on one (or two) of the impeller vanes. When the impeller rotates it 
generates electric pulses in the coil. The pulse repetition frequency carries information 
on the speed of the incoming flow and on low frequency undulation of the dolphin body 
during its active movement. Impeller pulses are gained by the amplifier 9 and 
differentiated. Then they actuate pulses of the blocking generator, which are supplied to 
the transformer of the signal that carries information on the streamline speed. This 
transformer is the T- trigger 11. The trigger pulses of square waveform control the 
generator of the amplitude calibration signal by means of pulse-amplitude modulation 
of its signal. This generator is a symmetrical multivibrator 12. Then the modulated 
signal of amplitude calibration comes to the high frequency filter 13. This filter eliminates 
the zero-frequency component and the low-frequency part (below 50 -  100 Hz) of the 
spectrum of complicated signal, which is modulated by the pulsation of pressure or 
speed. Modulation of this signal is implemented by its pulse frequency -  pulse amplitude 
control. Then the filtered signal is supplied to the summator 7.

The pure sine signal, whose frequency is 185 kHz, comes from receiving antenna to 
the resonance amplifier 14 and then to the amplitude-limiting amplifier 15 and diode 
detector 16. The constant voltage signal from the detector is supplied to the time-delay 
device 17 and then to the keyed circuit 18. When it opens, the plus of the feeding element 
(£) comes through the opened keyed circuit to the housing of the autonomous complex 
and the transmitters of the three channels of available information start their operation. 
The time interval of the transmitters operation is defined by the sine signal delay of the 
time-delay device after the sine tone signal of the command radio line is ended (after 20 
-  25 s).

The autonomous complex is arranged as a modular structure of solid micromodules 
where each module is a functional unit.

5.2.3. Underwater magnetic recording devices

When biological objects as fish, cetaceans, and pinnipeds are studied in natural or 
close to natural conditions, one of the main methodical problems is to obtain any information 
on the vital functions in general and on their biohydrodynamical parameters in particular. 
The telemetry devices that give us solution of this problem are described in literature 
(Schakalo, 1972, Yanov, Romanenko, 1972). But every device has its own drawbacks. 
The communication cable limits the animal movements, and radio communication channel 
is bound up with the necessity of complex information coding and decoding. Besides, in 
this case the action range is heavily limited. Usually it is a magnetic tape recorder that
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serves as a logging device. Therefore there is a question: if we can avoid information 
transmission through the communication channels and record the information from sensors 
directly on the magnetic recorder that is placed on the studied object.

We have developed three variants of a multichannel magnetic recorder that is fastened 
directly on the animal. These recorders are designed for underwater recording of available 
information in a sufficient frequency band directly from the sensors. Recording is 
performed with a standard writing heads either on several standard wire sound carriers 
or on a single sound carrier with frequency channeling.

We must note that the described works were done about 30 years ago. Because the 
original results on dolphin hydrodynamics were obtained at those years, we chose to 
give description of the applied recording devices. Now much more accomplished means 
for information recording is developed.

The first variant of the three-channel magnetic recorder was made as light and 
economical as possible. In this appliance the wire sound carrier transport mechanism is 
not hermetically closed. It is freely rinsed by water. Besides, it has no electric motor. It 
operates with a turbine driven by the incoming flow of water. This allows us to make a 
lightweight design. Each of the three cassettes that are loaded into the recorder had a 
capacity of about 1500 m of wire. The time of continuous recording is about 15 minutes. 
This recorder has a certain drawback. It operates only when the animal is moving. 
Therefore it can be used only to solve the problems concerning animal movement, and 
in particular, biohydrodynamical problems.

Fig. 5.49 shows the carrier transport mechanism. Here 1 is the turbine placed on the 
shaft of the three-section receiving cassette 2, 3 are three hermetic writing heads, 4 are 
three feed cassettes with the wire sound carrier, 5 are the braking consoles, 6 are the 
shielded conductors to supply bias current and available signal to the writing heads.

The mechanism operates the following way: the incoming flow of water is rotating 
the turbine 1 while the animal is moving. The turbine 1 is partly covered by a lid so that

Fig. 5.49. The carrier transport mechanism. The designations are in the text.
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the incoming flow impacts only the blades protruding from under the lid. The turbine 
rotates three-section take-up cassette 2 that reels the wire sound carriers up after they 
were drawn through the operating gap of the writing heads 3. At the same time the 
consoles 5 brake the feeding cassettes in order to obtain the required strain of the carrier.

In operation the mechanism is partly cloaked by the lid, which is not shown in the 
figure, to prevent it from mechanical damage. The lid is perforated and water penetrates 
freely into the mechanism. As the heads and sound carriers are made of corrosion resistant 
materials, short-time action of salt water does not deteriorate the record quality.

The term “three-channel recorder” is not quite correct in relation to the described 
appliance. We ought to call this device “triple recorder” because in one arrangement 
there are three recorders, which have a common system of carrier transport.

Fig. 5.50 shows the block diagram of the writing amplifiers. Available signals from 
the sensors are supplied to the inputs of the three identical voltage amplifiers 1, 5 and 9 
and then to the inputs of summators 2, 6 and 9. The identical reference sine signals also 
come to these summators from the generator 13. There the available signals are summed 
with the reference signals and then totals are gained by power amplifiers 3, 7 and 11, 
whose outputs are connected with the writing heads 4, 8 and 12. The biasing of these 
heads is effected by direct current. All the circuits are feed by stable power source 14.

The purpose of the reference signal is synchronization of the available signal records 
on three independent sound carriers. The speed of carrier transportation varies depending 
on the speed of the incoming water stream and consequently on the animal swimming 
speed. The reference signal, whose frequency is known and invariable, gives the 
possibility to determine the recording speed with permissible accuracy during playback 
under the known transportation speed. The reference signal amounts to 2-3% of the 
maximal available signal.

Fig. 5.50. The block diagram of the writing
amplifiers. The designations are in the text.
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The recorded frequency band depends on the speed of the carrier transportation. 
When the speed is 3 m s 1, the recorded frequencies lie within the interval from 100 Hz 
to 120 kHz. The wide band of the working frequencies lets record both the pulsation of 
pressure or speed and the acoustical component of the streamline noise.

The reference signal frequency is 1230 Hz.
We have already mentioned that we tried to make this recorder as simple as possible. 

It cannot be controlled during its work. The speed of the carrier transportation is variable. 
The second variant of the recorder does not have such a drawback. It differs from the 
first one by the presence of an electromotor, which ensures relatively unchangeable 
speed of the carrier transportation and gives the possibility to work with a static animal. 
Besides, it has a radio remote control system. This lets record information at 
experimenter’s will in required moments. Between the intervals of recoding the system 
stays in economical duty mode. It is ready to start work on the experimenter’s radio 
command.

The kinematical scheme of the second recorder is the same as the scheme of the first 
one but instead of the turbine rotated by the incoming flow we use the electromotor 
DPM-25 with the friction gear, which matches the speeds of the electromotor and leading 
three-section cassette. The second variant of the recorder is shown in fig. 5.51.

The application of the electromotor lets us increase the speed of the carrier 
transportation to 3 -  4 m s 1, ensure its stability and high quality of recording in the 
frequency band 100 Hz -  120 kHz. In this variant we use the same writing amplifiers as 
in the previous variant. The circuit of remote control, which switches on the power 
supply of the motor and writing amplifiers, is added to the electronic part of the recorder.

Fig. 5.51 .The second variant of the recorder. 1 -  the electromotor.
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Also there is a time relay circuit, which sets the time interval of the recorder operating 
after it is turned on.

Fig. 5.52 shows the scheme of the experiment in case of the remote control of the 
recorder. The dolphin 2 or another animal is swimming in a basin 1. The recorder 3 with 
the remote control circuit whose input is connected to the receiving antenna 4 is fixed 
on the animal. There is a radiating antenna 5 in the water. This antenna consists of a 
metal plate electrically touching water and electrically grounded plate. The radiating 
antenna is connected to the generator 7 through the breaker :. At the required time the 
breaker closes the circuit and several volts of voltage of 150 kHz frequency come to the 
plate 5. Till this moment the recorder is in the waiting mode. Then the radio-current 
field is arisen in the water of the basin. Its nature is not quite clear, but it induces the 
voltage of the same frequency in the receiving antenna. The value of this voltage is 
quite enough for actuation of the power switching circuit of the recorder. If the distance 
between the radiating antenna and the receiving antenna is about several tens of meters 
then we can obtain reliable communication between the antennas.

Time interval of the operating mode is 8 s. While setup we can adjust this time in a 
wide range.

Recorded phonogram playback is performed with the advanced recorder MN-61. 
We applied the playback amplifier, which was specially developed for the purpose. 
There was low frequency and high frequency correction, which allowed reconstructing 
the recorded information without distortions.

We have already noted that we applied direct current for the biasing of carriers in 
order to simplify the circuit of the recorder. This narrows the dynamic range of the 
record to 30-35 dB. But the fact that we have three recorders operating simultaneously 
allows us to record signals under the dynamic range of about 100 dB. In order to obtain 
that we have to connect the only sensor of available signal to three recorded channels 
simultaneously and set the gain coefficients to triple covering of the dynamic range of

Fig. 5.52. The scheme of the experiment. The designations are in the text.
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the only one recording channel. Then the weakest signals are recorded on the first sound 
carrier (and the stronger signals are distorted), the medium signals are recorded on the 
second sound carrier and the strongest signals are recorded on the third one. Signals of 
low and medium levels are recorded on the third sound carrier faintly.

The third variant of the recorder was designed as compact as it was possible. Unlike 
the previous variants the record amplifiers and the power sources were mounted in a 
single housing together with the carrier transport mechanism. This recorder can operate 
in two ways. The first way is the two-channel mode with the frequency band of available 
information recording from 20 Hz to 8 kHz. We used this mode especially for recording 
pressure and speed pulsation in the course biohydrodynamical research. The other way 
is the single channel mode with the frequency band of available information recording 
from 20 Hz to 120 kHz. We used this mode for recording pressure and speed pulsation 
along with the acoustic component. In the first mode the speed of transportation of the 
sound carrier is 1.5 m/s, in the second mode it is 3 m/s. In the first mode all the information 
that comes to both channels is recorded on the same sound carrier, which is a standard 
magnetic wire. It allows us to perform spatial correlation measurement.

Let us discuss in details the recorder operation in the first mode. The information 
that comes to the first channel is recorded directly on the sound carrier in the frequency 
band from 20 Hz to 8 kHz. The information that comes to the second channel modulates 
the frequency of a special multivibrator whose output is recorded on the sound carrier. 
This voltage is a carrier of information. Its frequency is 20 kHz and it can vary in the 
interval ±8 kHz as a result of modulation. Therefore, two-channel information recording 
is performed in common frequency band from 20 Hz to 28 kHz; within two subbands: 
20 Hz -  8 kHz and 12 kHz - 28 kHz, which are isolated by 4 kHz interval.

The level of 20 kHz carrier makes 5-10% of maximal recording level. It causes the 
narrowing of the first channel dynamic range, which hardly reaches 25 dB. The second 
cannel dynamic range amounts to 35 dB. The carrier is at the same time the reference 
signal that gives the possibility to monitor the speed of recording and whether the 
recording units are in order.

There is a block diagram of writing amplifiers in fig. 5.53. The available signals 
from the pulsation sensors are supplied to the inputs of identical voltage amplifiers 1

Fig. 5.53.The block diagram of the writing amplifiers. The designations are in the text.
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and 2 and the to the inputs of filters 3 and 4 with cutoff frequency 8 kHz. The voltage 
from the filter 3 comes directly to summator and the voltage from the filter 4 comes to 
the frequency modulator 5, which performs modulation of the multivibrator 6 frequency. 
The output of the frequency modulator is supplied to the summator 7. The total voltage 
through the power amplifier 8 goes to the write head. Power supply of the channels is 
performed separately by the sources 9 and 1). The power amplifier feeding is performed 
from the first channel power source.

Playback is performed with the recorder MN-61 through special amplifiers. There is 
common playback amplifier in the first channel, whose frequency band is limited by 8 
kHz. The second channel playback amplifier includes the band filter that extracts the 
band 12 -28  kHz. The amplifier output is connected to a demodulator.

When the recorder operates in the second mode, available information comes to the 
first channel where the recording amplifier supports recording up to 120 kHz. The power 
source is disconnected from the second channel. It is inserted consequently with the 
electromotor power source to maintain the speed of carrier transportation up to 3 m s1. 
This recorder also has radio remote control system.

The weight of the recorder in the air is 900 g, its volume is 500 cm3. The cassette 
capacity is 750 m of standard wire sound carrier (wire diameter is 50 mcm). In fig. 5.54 
one can see the recorder without casing (a ) and its configuration (b).

Fig. 5.54. The recorder without casing (a) and its configuration (b).
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5.2.4. Fixing the equipment on a dolphin

The measuring equipment should be arranged so that it does not cause an appreciable 
perturbation of the incoming flow at the points of measuring. The attachment must be 
reliable enough to stand the pressure of the incoming flow which speed amounts to 5 -  
8 m s 1. Two main elements of the measuring system, which we have to fix on the dolphin, 
are the sensor and the logging device (or the radio transmitter). The sensor can be an 
accelerometer, a sensor of the flow speed, a measurer of pulsation of the flow pressure 
or speed, a tangential stress meter.

Possibility of subcutaneous encapsulation of the measuring equipment elements was 
discussed in literature (Agarkov, Vischnyakov 1975; Agarkov, Manger, Khadjinskiy, 
Khomenko, 1975; Agarkov, Khadjinskiy, Tchernyaev, 1972, 1977). In the work of Varitch, 
1971 there is a description of how this method was applied in practice in the course of 
studying of alive sharks streamline.

Where it was necessary to fix the pulsation sensor they cut off the piece of shark skin 
the size of the sensor base (5x5 mm). They used a surgeon’s needle and two wires 
coming out of the sensor to implant the sensor into the body. Fixing procedure duration 
was about 5 minutes. After these operations all the sharks were used for the experiments 
during 4 - 6  days. Control shark lived in the basin for 18 days. During this period it 
underwent three such operations and then they let it go.

It is difficult to obtain ideal transition from the skin to the sensor body. Hence, if we 
use this method there is a danger of perturbation of the incoming flow at the border of 
implantation. Besides, a dolphin lives in captivity for many years and it is used in 
experiments many times. So it is better not to use such a traumatic method and to fix the 
equipment some other way. Perhaps, that is the reason why this method is not used in 
biohydrodynamical experimental works on dolphins.

There were two ways to fix the logging equipment: to fix it with a special rubber 
belt, which tightly embraced the dolphin body in the middle, and with the clamp, which 
is put onto the dorsal fin and held by friction. Sometimes we added a vacuum cup to the 
clamp to make it safer. We could fix the sensors on the rubber belt or on the springy 
clamp along with the logging equipment. But more often the sensors were fixed at the 
points of measurements on the dolphin body with the sucker.

When we designed the belt we bore in mind that it must tightly adjoin to the dolphin 
body. One of the most apposite belt models is shown in figure 5.55. We successfully 
used this belt on dolphins. This belt is made of two layers of elastic rubber 1.5 mm 
thick. The layers are glued to each other. The cutting consists of two parts (“a ” and “b”). 
The sizes are adduced in the figure. The length of AC span corresponds to the length of 
the related span of part “b”. Part “b” has a complicated form. The length of the split for 
the dorsal fin has a principal significance. For a medium-sized animal this value is 
about 20 cm. The angle between the lines “fee” and “a ' b is another important value.
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This angle is close to 120°. Besides, the equations AB = ab, BC = b 'c ’,ccl = dO and a'd' 
= 0<i’ must be true. When we conglutinate the blank parts, lines be and a’b’ must be 
conjoined together and lines ab and b’c' must form a single line which length is equal to 
the length of AC. Then the cutting is glued along the lines abb' c' and AC. Two such 
layers are glued together; slots for the fin in the parts must coincide. Another slashes 
must not coincide in order to avoid decreasing of the belt reliability. There are instantly 
acting snaps on either ends of the belt. These snaps are analogous to those used in 
aircrafts. The belt is put on the dorsal fin; it envelops the body and is snapped on the 
dolphin side. Figures 5.56 and 5.57 show how the belt looks on the dolphin. We can also 
see how the equipment is arranged on the belt.

Figure 5.58 shows the springy clamp for the equipment fastening on the dolphin 
dorsal fin. The clamp consists of a flat spring 1. The two light-weight duralumin plates 
2 with perforations 3 are glued at the spring ends. The thin sheets of foamed plastic (10 
-  15 mm thickness) are glued at the inner side of the plates. The equipment components 
are glued at the outer side of the plates. The ends 
of the plates are converged together and adjusted 
for a tight fit on the fin. This clamp is efficiently 
held down the fin of the dolphin. It may be 
replenished by the belt or suckers. In figure 5.59 
we can see the arrangement of the springy clamp 
with the equipment, which is set on the freely 
swimming dolphin. It is shown at the moment of 
respiration. The sensors of pressure pulsation or 
speed pulsation are mounted in a special holder, 
which is attached to the animal body. The 
structure of the holder is shown in figure 5.60. It 
consists of three parts: platform 1, plate 2 and 
console 3. The platform  (5x40x70 mm) is 
mounted on the plate (1.5x75x105 mm) with the 
screw 4 and retainer 5. The console (57x17x3 
mm) is mounted on the platform axis 6. The 
spring is winded on the axis to keep the console 
right-angled to the platform (figure 5.61). The 
console may be held pressed down to the 
platform with the springy retainer 7.

The plate 2 is to carry the holder platform.
The plate itself is glued in between the belt layers.
The purpose of the retainer 5 is to set the platform Fjg 5 55 The rubber be|t construction. See 
(and hence the pulsation sensor) under different text for details.
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Fig. 5.56. The belt and the equipment are arranged on the dolphin. 1 -  belt, 2 -  equipment, 3 -  pressure 
pulsation sensor.

Fig. 5.57. The belt and the equipment are arranged on the dolphin. 1 -  belt, 2 -  equipment, 3 -  pressure 
pulsation sensor, 4 -  velocity meter.
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angles relatively the incoming flow. Seven positions of the retainer let us vary a direction 
in the range of 21 ° by the step of 3°. The axis of the platform rotation is the screw 4.

The pressure pulsation sensor is fixed on the console as it is shown in figure 5.62. 
The shielded wire 2 goes from the sensor through the console channel. It is connected 
either with the radio transmitter or with the logging device. The pulsation sensor can be 
set with the console in two positions. The first position is close to the skin, at the distance 
about 2 - 3  mm. This position occurs when the console is pressed to the platform. When 
the console is in the position as it is shown in figure 5.61, the sensor of pulsation is 
located at the distance of about 50 mm from the skin. In figure 5.56 we can clearly see 
the holder with the pulsation sensor, fixed on the belt in the working position.

Fig. 5.58. The clamp. The designations are in the text.

Fig. 5.59. The arrangement of the springy clamp with the equipment, which is set on the freely swimming 
dolphin. 1 -  dolphin, 2 -  arrangement, 3 -  pressure pulsation meter, 4 -  velocity meter.
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Fig. 5.60. The structure of the holder of pressure pulsation meter and velocity meter. The designations are 
in the text.

Fig. 5.61. The console is right-angled to the platform.
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In order to fix the pulsation sensor with the vacuum cups we use another platform. It 
is shown in figure 5.63. There we can see the perforations for the suckers mounting. We 
can fix this platform with the suckers at any place of the dolphin body. All other 
components of this holder are the same as of the previous one. The suckers do not 
always surely hold the platform with the pulsation sensors at the required place. 
Sometimes they drift under the pressure of the incoming flow. We can get additive 
fixation on the dolphin body with the fast polymerizing glue. In this case the reliability 
grows significantly.

Fig. 5.62. The pressure pulsation sensor is fixed on the console. 1 -  pressure pulsation meter, 2 -  cable, 3 
-  console, 4 -  platform.

Fig. 5.63. The platform is provided with the vacuum cups. 1 -  platform, 2 -  vacuum cups.
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Another variant of the holder is a cartridge, which can contain up to 9 sensors of 
pressure or speed pulsation. It is shown in figure 5.64. The rest of the holder does not 
differ from the one described above.

In figure 5.59 we can see the platform with the suckers and the pressure pulsation 
sensors fixed on the dolphin. Figure 5.65 shows the frame with 8 sensors of speed pulsation. 
It is mounted on the rigid half-model, which is covered with the Baikal seal fur.

Another sensors of available information (flow speed meters, accelerometers, 
tangential stress meters etc.) can be mounted in any of the described ways.

Fig. 5.64. The platform is provided with the vacuum cups, i - cartridge, which can contain up to 9 sensors 
of pressure or speed pulsation, 2 - platform.

Fig. 5.65. The frame with 8 sensors of speed pulsation. 1 -  cartridge, 2 -  velocity meters, 3 - rigid half­
model, which is covered with the Baikal seal fur.
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Fig. 5.66. Velocity meter is fixed with special rods, attaching the meter to the belt. 1 -  belt, 2 -  equipment. 
3 -  velocity meter, 4 -  impeller, 5 -  platform, 6 -  rod, 7 -  cable.

In figure 5.57 we can see the flow speed meter (impeller), which is glued to the 
apparatus on the incoming flow side.

If we measure the flow speed outside the boundary layer by a flow speed meter, which 
is mounted on the sucker, it is useful to fix it with special rods, attaching the meter to the 
belt. This mounting is especially effective when we measure the speed of the incoming 
flow behind the middle of the animal. This mounting is shown in figure 5.66.

5.2.5. Measuring of virtual mass for complex configuration bodies

Existing mathematical models of the fish and dolphin swimming give us the estimates 
of the hydrodynamical parameters of swimming on the base of the experimentally 
measured kinematical characteristics of the animals. But the equations that we use to 
calculate these estimates contain also the value of the added mass per body length unit. 
This value can be found easily and exactly with the formula (Logvinovitch, 1970a)

m* (x )=  p n R 2{x)- (5.94)

This R is the transversal half-size of the fish or dolphin body. At the tail fin edge it 
transforms into the half-span of the tail fin. The virtual mass of the fluke of dolphin and
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fish with the half-moon fin cannot be calculated with this formula, because the inequality 
dR/dx «  1 is not true around the tail fin, and we cannot assume that the value of dR/dx 
is small. In dolphin Tursiops truncatus around the tail fin this derivative amounts to 1.5. 
But it is easy to obtain the equation for rough estimate of added mass of the dolphin tail 
fin and the half-moon tail fin of fish. Let us consider the tail fin as of an arrow-like wing 
shown in figure 5.67 or 5.68. Let us look at these wings in the Oz-axis direction. The 
value r is considered as the current size of the fin. Then dRJdz ~ 0.35. This value can be

Fig. 5.67. Approximation of a dolphin fluke by the triangular wing (variant 1).. The designations are in the text.

Fig. 5.68. Approximation of a dolphin fluke by the triangular wing (variant 2). The designations are in the text.
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considered small. Hence, the method of the added mass calculation proposed by 
Logvinovitch (1970a) is applicable. This approach was proposed by S. G. Pushkov. We 
can represent the added mass of the plate shown in figure 5.67, which oscillates in the 
axis Ov direction, as

V
тр1= 2 р я  ) — dZ '  (5 .95)

о 4

It is evidently that

]j
r = —  ( Л - г ) .  (5.96)

Here h is the root chord; R { is the half span.
After substitution of (5.96) into (5.95) and integration we obtain

pnh2R,
m P, = ■ (5-97)

We have calculated the virtual mass taken as a whole. But the theoretical models use
the value of the virtual mass per body length unit. So, let us divide this value by the
effective longitudinal extent of the plate, which we represent as

a = { ^ .  (5.98)

Here St is the square of the plate (the tail fin).
Finally we get

* pnhrR:
(5.99)

As Sf is

о 4 R \
(5Л0°)

where X is the aspect ratio, we can represent (5.99) as
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* ртг/i А
т. = -----------. (5.101)
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If we replace the dolphin tail fin by the arrow-type wing shown in figure (5.68) then 
analogous calculation leads to another expression for the added mass of the tail fin per 
the length unit:

pnR, f  h 2 , TJ r j 2 \
■ *  =  м А М ' <5 1 0 2 >

V J

Here H  is the height of the right-angled part of the wing.
These expressions give us rough estimates of the virtual mass of the fish and dolphin 

tail fins.
The most convenient base for finding the virtual mass of complex configuration 

bodies is the second Newton’s law:

F = (ml + tnWBler } i . (5.103)

Here F  is force, a is acceleration, m'h and m*water are the body mass and virtual mass of

the ambient water correspondingly.
We must move the complex configuration body through the medium with known 

constant acceleration while the moving force is measured. If the body mass is known, 
we can easily calculate the added mass of the medium with formula (5.103).

The scheme of installation for this measurement is shown in figure 5.69. The body 2, 
whose added mass is measured, is hung in a reservoir 1 with a suspension strand 3. The body

Fig. 5.69. The scheme for measurement o f virtual
mass. The designations are in the text.
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may be, for example, a model of the tail fluke. The strand is passed through blocks 4. On the 
other end of the strand there is a load 5. A dynamometer 6, which continuously measures the 
tension, is included in the break of the strand. There is a ruler bar 7 alongside of the 
dynamometer. At initial moment the body is fixed with a strand 8, which is locked in a 
restrainer 9. The dynamometer pointer 10 shows the initial position of the dynamometer and 
the body. Also it shows the body position at any consecutive moment. The strand must be 
strong enough so that we could neglect its expansion. At the initial moment the system is in 
the state of equilibrium and the dynamometer shows the strand static tension. At a certain 
moment the body is turned loose and it begins to move sheer up in water. The movement of 
the dynamometer (and of the body) is logged with a cine camera 11. As the analysis of the 
cine fdm shows, the tension rather decreases at the starting moment of movement and then 
it stays constant and equal to the dynamical tension. When the speed increases, the 
hydrodynamic resistance distinctly increases too and the tension of the strand increases 
again. In order to estimate the constant acceleration and the moving force, we choose the 
cine frames, where the resistance is still negligible. The stability of the acceleration is tested 
by the relation of the successive lengths of intervals shown by the film.

s  f t  Y
• <5 л о 4 >

V k J

Here Sn and Sk are the lengths of intervals that are passed during the time intervals t and tk.
Using this scheme, we made the installation and checked its efficiency by measuring 

of the added mass of a circular plate and comparing it with the value, which was calculated 
with the exact expression:

8 з
m = pr , (5.105)

r is radius of the plate and p  is water density.
We have measured the added mass of the circular plate whose radius was 17 cm. 

This measured value practically coincided with the calculated value. The difference 
was less than 5%. The root-mean-square error was less than 4%. This means that the 
proposed measuring method and the developed installation does not contain any serious 
defects. It can be used in practice.

5.2.6. Increasing of dolphin swimming speed

One of the main difficulties of animal hydrodynamics studies is to make the animal 
carrying the equipment to swim at the highest possible speed. It is known (Kozlov, 
Nikishova, 1974) that the highest speed shown by the dolphin Tureiops truncatus in
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captivity is only 8 - 9  m s'1. The animal can only achieve this speed for short-term 
intervals and with no equipment attached to it. The speed of dolphin swimming with the 
apparatus is yet less. We don’t use any fierce, painful methods of stimulation, as it is 
extremely undesirable, when you work with tame animals. In our work with tame dolphins 
we could employ only the methods based on conditional reflex formation and on 
individual features of animal behavior. The first experiments were accomplished with 
wild animals. They were placed into the netting corridor of about 80 m long, 2 m wide 
and 2.5 m deep. The dolphin was caught, we attached the equipment and let the animal 
loose. We hoped the dolphin would elaborate high speed because it was frightened. But 
its speed did not exceed 2 -  2.5 m s'1. After this we decided to train the dolphin to swim 
on the sound signal from one end of the volier to the other. The signal was emitted in 
different ends of the volier and as the dolphin came to this place it was sustained by 
food. Eventually, the speed of the dolphin increased to 3 -  4 m s 1.

In order to increase the speed of swimming we decided to use the competitive spirit. 
For this purpose we added another dolphin, which was also trained to swim on the 
sound signal. We hoped that they would race from one end of the volier to the other each 
of them trying to be the first. And so it was in the beginning. But very soon the dolphins 
set apart and took places at the different ends of the volier. The trainer could not make 
them swim simultaneously and they did not swim faster than 3 - 4  m s 1. After this we 
decided to feed both dolphins at the same end of the volier. The dolphins were given 
only one fish, and it was eaten by the fastest one. But the dolphins very soon learned to 
define which of them was closer to the fish at the moment. This dolphin swam easily 
towards the fish and ate it. The other dolphin did not move. If the fish was placed at 
equal distances from both dolphins, they both went for it moving with a significant 
speed. This method proved the greatest efficiency. Thus we made the dolphins swim at 
the speed up to 5.5 ms-1 with the attached apparatus.

While we worked with the dolphins, we found another way to increase the dolphin 
speed by about 15 -  20%. In addition to the belt with the equipment we put on the 
dolphin head a vortex generator. The vortex generator is a rubber ring, 10 - 12 cm thick. 
It is placed in front of the chest fins. The dolphin is trained not to take it off until the 
trainer takes it off himself or commands the dolphin to do so. For about 1 5 -2 0  min the 
dolphin swims with the apparatus and vortex generator and then the vortex generator is 
removed. Right after that the speed of dolphin swimming is higher than it was before 
the vortex generator was installed. It seems, the dolphin needs some time to get used to 
a new condition. The dolphin is accustomed to elaborate excess power in order to 
overcome the additional resistance. When the vortex generator is removed the dolphin 
for some period continues elaborating the excessive power from the habit. During the 
experiments on the dolphins we discovered an interesting feature of their behavior. 
Once in the middle of the experiment we ran out of fish and had to stop the experiment 
for 15 minutes until a new portion of fish was delivered. We did not pay attention to the
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dolphin. Several minutes later the dolphin made a spurt and elaborated the speed, which 
was higher than during the measurement. We used this feature of dolphin behavior at 
the end of each experiment. Our apparatus worked continuously and at the end of each 
experiment we logged the information at the maximum speed till the apparatus would 
slip off.

But we ought to acknowledge that the achieved speeds of dolphin swimming with 
the equipment are still insufficient. We wished to achieve the speeds of 9 -  10 m s'1. 
Perhaps, we could have obtained these speeds if we used the dolphin ability to jump 
high above the water surface. Perhaps, we should have searched methodical possibilities 
of increasing the swimming speed. We should have trained the dolphins to jump 
vigorously forward or upward in the direction of swimming. It seems it is efficient to 
train the dolphins to overcome obstacles protruding from the water surface. It goes 
without saying that the equipment mounted on the animal must be reliable enough to 
withstand this speed.

Brief conclusions

In this chapter we describe the tools and methods for researching of kinematics, 
hydrodynamics and fine structure of the boundary layer on dolphin. The most of these devices 
and methods are unique. Some of these instruments such as the magnetic wire recorder and 
radiotelemetry devices are now outdated. But in that time these instruments allowed to obtain 
unique results, and that is the reason why we pay so much attention to them.
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CHAPTER 6. THE RESULTS OF THE EXPERIMENTAL  
RESEARCHES

We carried out the experimental studies on dolphin hydrodynamics since 1969 to 
1986. They were performed in the sea volier at Utrish sea station of A.N. Severtsov 
Institute of Ecology and Evolution. The object of the researches was the Tursiops 
truncatus dolphin of the Black-Sea. The scheme of the volier and its layout is shown in 
figure 5.40 of the previous chapter. Some researches were fulfilled with autonomous 
equipment fixed on the animal. If a dolphin was well trained it swam up to the trainer on 
his command and gave the possibility to fix the equipment on it. If the dolphin was not 
well trained, we were reluctant to catch it and fix the equipment on it.

Then we used cine filming, a diver performed it through the sidewall of the volier.

6.1. Experimental studies of dolphins’ kinematics

During dolphins’ swimming, the thrust is created due to the bending oscillations of 
their body. The amplitude of such oscillations is growing from the head towards the tail, 
reaching its highest value in the area of the caudal fin. It is believed that in the dolphins’ 
hydrodynamics and in the creation of the thrust, it is the oscillating movements of the 
caudal fin that determine the development of thrust. For this reason, most experimental 
studies concentrate on the dynamics of the dolphin flukes. With that, the scientists employ 
the well-known method of movie-taking. In the papers of Land and Daybell (1963), 
Kayan (1979) the authors describe their measurements of the attack angle, the inclination 
angle of flukes towards the direction of the dolphin’s motion and towards the trajectory 
of the fluke movement. Many scholars (Pyatetsky, Kayan, 1972; Pyatetsky, Kayan, 
1975; Kayan, Pyatetsky, 1977; Kozlov, 1983) measured the relative amplitude and the 
oscillation frequency in the dolphin flukes, as well as the velocity of the propulsive wave 
spreading along the body, as dependent upon the swimming regime of the animal.

However, some recent studies (Romanenko, 1981,1986) revealed that not only the kinematics 
of flukes is important in estimating the hydrodynamics of dolphins but also the kinematics of the 
entire body of the animal. In particular, some kinematic peculiarities of the dolphin’s body essentially 
determine the pattern of streamlining and the structure of the animal’s boundary layer.

In his paper of 1981, Romanenko was the first to suggest that the phase velocity of the 
propulsive wave within the dolphin’s body was not constant. He made an attempt to measure 
the kinematic parameters simultaneously in three points of the animal’s body (the amplitude 
of oscillations and the phase velocity of the propulsive wave): in the area of the head, dorsal 
and caudal fins. The kinematics of dolphins was assessed by two methods: by movie-taking 
and by accelorometers. As a rule, movie-taking is effected by using a tightly fixed movie 
camera. However, in such case the time of the animal’s exposure within the sight of the 
camera objective is insufficient for tracing it and for examining the movement of individual
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parts of its body during one run. In particular, this method is difficult for measuring the phase 
velocity of the propulsive wave in individual parts of the animal’s body.

The experiments we are describing employed the method of movie-taking by using a 
movable camera which was shifted slowly and smoothly during the movie-taking. As a 
result, the animal was caught in the frame exposure and then it was for some time 
followed and traced. Owing to this, we could watch the dolphin’s movement during 
several periods of its body’s oscillations. The movie-taking was performed by an expert 
diver who worked under water, observing the animal through the reticulated wall of the 
sea pen along which the dolphin was swimming by the command of its trainer.

The method of movie-taking has certain merits: it is sufficiently simple, permits to 
obtain visual information about the dolphin’s kinematics in its free swimming (without 
any devices fixed on it). But this method has a number of shortcomings too: the animal 
remains within the sight of the movie camera only for a limited time during which it is 
hard to determine the regime of the animal’s motion (whether this motion is uniform or 
accelerated). For this reason, the information obtained about the animal’s kinematics 
proves to be considerably scattered.

The cine films were decoded in the following way. The cinema frames of a certain 
run of the dolphin were marked to show the position of three points of its body (for 
example, the tip of the nose, the tip of the dorsal fin and the fork of the caudal fin) in 
relation to the film frame boundaries. These marks were used for building a trajectory to 
demonstrate the transposition of the marked points of the body. Fig. 6.1, as an example,

Fig. 6.1. Values of the selected points o f the dolphin’s body as displaced from a certain mean value in 
random: 1 - tip of the nose, 2 - tip o f the dorsal fin, 3 - fork of the caudal fin.
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displays the results of decoding of such a run of the dolphin. The horizontal axis presents 
the ordinal numbers of the film frames. This axis is equivalent to that of time. The 
vertical axis shows the values of the selected points of the dolphin’s body as displaced 
from a certain mean value in random units (say, in mm) but necessarily within the same 
scale. The black circles demonstrate the position of the nose tip of the dolphin, the 
crosses - the tip of the dorsal fin, the light-coloured circles - the forks of the caudal fin. 
These traced trajectories helped to identify the amplitudes of oscillations in the marked 
points of the body, as well as the phase velocity of the propulsive wave. In this case the 
known length of the dolphin’s body served as the scale.

The phase velocity of the propulsive wave was found in the following way. We measured 
the number of film frames (and, hence, the time interval) during which the minimum (or 
the maximum) of the trajectory of the nose tip shifted towards the fork of the caudal fin 
(in the case presented in this figure, there were 21 (or 22) frames). After that we calculated 
the mean value of the phase velocity of the propulsive wave as the relation between the 
length of the dolphin's body and the specified time interval. However, it is easy to see 
that the velocity of the propulsive wave is not constant within the limits of the animal’s 
body. To notice it, it is sufficient to estimate in the same way the velocity of the propulsive 
wave separately for the section from the nose to the dorsal fin and for that from the 
dorsal fin to the fork of the caudal fin. The number of film frames (the time interval) 
during which the trajectory of the nose tip shifted towards the dorsal fin equalled 14 in 
this case. The number of film frames during which the trajectory of the dorsal fin tip 
shifted towards the tail fork equalled 7. With that, in the latter case it was possible to 
have 4 counts: two for the shifts of two minimums of the trajectory and two for the shift
of two maximums (the latter yielded 16 and 6 film frames respectively). After that, we
established the value proportional to the mean value of the phase velocity of the propulsive 
wave in the section from the nose to the dorsal fin as the relation between the distance 
from the nose and the dorsal fin (130 cm) and the mean arithmetic number of film 
frames during which their minimum and maximum shifted to this distance

_ 130 cm

12 _ 15 f r a m e s ' (6Л)

Here, к is proportional coefficient.
The same very approach was used to find the mean value of the phase velocity in the 

section from the dorsal fin to the tail fork, but here the mean arithmetic value involved 6 
and 7 film frames.

_ 90 cm
2-3 ~ 6.5 f r a m e s ' (6 '2)
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Taking into account that the linear and the time scales in both cases were the same, 
we shall get the genuine relation between the calculated mean values of the phase velocity

“ T ^ 1-59 - (6.3)
1-2

Indeed, it came out that the phase velocity of the propulsive wave was considerably 
increasing from the head to the tail of the animal. The same result was obtained upon the 
analysis of all films.

However, to be able to employ the established values of the phase velocity of the 
propulsive wave in further calculations, it is necessary to consider first the relations of 
the mean values and then to transit to boundary values, i.e. the ones revealing the phase 
velocity at the tail fork and on the nose of the dolphin respectively. In our suggestion 
about some linear dependence between the phase velocity and the co-ordinate we could 
do it by using some geometry.

Fig. 6.2 displays a scheme permitting such transition. Let us write down some obvious 
relations

С. + Ct
1-2 = ’ (6.4)

Co + C,
(6.5)

Fig. 6.2. Scheme permitting to transit from the mean values to boundary values. The designations are in the text.
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c2=c,(i + Vi)i (6.6)

C3 =C,(l  + V )  (6-7)

Here, С , С, and С are the phase velocity of the propulsive wave on the nose tip, dorsal 
fin and at the tail fork respectively.

Let us substitute (6.6) and (6.7) into (6.4) and (6.5):

C, [2 + ( / + / > „ ]
b 2-3 “  2 ’

с  - C' 6  + V , )1-2 -  — • (6.9)

Now we shall relate C2 3 to Cj 2 

C 2__3 _  [2 + (/ + / , > 0]

C,_2 (2 + W .) ' (6Л0)

From formula (6.10) we shall define

(  С \2-3 _  j

b -  2  V *~‘~2____ i __
о ^ г / \ V

/ - / , ^ - 1  <611) L \ c «  J J
Substituting (6.11) into (6.7), we shall finally get

( С Л2-3 _  2

C3 Cj 2
—L  = 1 + 2 — 2— —____(__
C, 2 / / C 2. 3 V  (6.12)

l С, оv 1-2 7

Much more accurate is the method of accelerometers. Its essence is in the following. 
Miniature accelerometers are fixed in different points of the dolphin’s body to examine
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the pattern of their movement during the animal’s swimming. In particular, Romanenko 
(1980) used such accelerometers in three points on the dolphin’s body. Accelerometer 1 
was situated on the melon, accelerometer 2 - in the anterior part of the dorsal fin at 1 m 
from the first one, accelerometer 3 - on the fluke at 1.1 m from the second one. In some 
cases, accelerometer 3 was fixed on the caudal stem of the animal near the fluke.

Signals from the accelerometers were recorded on the same magnetic carrier and in 
this way they proved to be rigidly related in their time phase which permitted to examine 
phase relationships between individual signals. Another advantage of this method is in 
the possibility of continuous recording of the information within a long time. It allows to 
chose for the analysis such section of the film record which corresponds to a quite 
certain regime of the animal’s swimming.

During our measurements, the recording miniature tape recorder was fixed on the 
dorsal fin of the animal (Romanenko, Chikalkin, 1974; Romanenko, 1976). Thanks to 
this, we could study the animal’s kinematics in its free swimming (with regards of the 
impacts of the devices fixed on it).

During the measurements, the accelerometers registered the acceleration oscillations 
in those points on the animal’s body where they were fixed. To analyse the values of the 
displacement amplitudes, it is necessary to provide double integration of the data in terms 
of time. However, this operation is not difficult and does not imply additional errors, if the 
integration step is sufficiently small.

Fig. 6.3 shows a recorded fragment of signals from three accelerometers (the solid 
lines). The upper curve presents two periods of the oscillating acceleration of the anterior 
part of the forehead protrusion of the dolphin, the middle curve - that in the anterior part 
of the dorsal fin, the lower curve - of the caudal fin fork. The dots show the displacement 
amplitudes of the same points of the animal’s body corresponding to these curves. The 
amplitudes were obtained by double integration of the acceleration curves (with regards 
of the sensitivity of the accelerometers). The numerical integration was effected by 
using a computer and the method of trapezes. The integration step was 0.02Г0 where TQ 
was the period of oscillation. In the same way as in the previous method, we measured 
the amplitudes of the dolphin’s body oscillations in the points where the accelerometers 
were situated, and also the relation between the mean values of the phase velocity of the 
propulsive wave in two sections of the dolphin’s body: from the forehead protrusion to 
the dorsal fin and from the latter to the tail. With that, we traced the transposition of the 
zero values of the phase in the displacement curves of the body points where the 
accelerometers were located. (The zero values of the phase in the points (px and cp2 in 
fig. 6.3). Like in the analysis of the film frames, in this case we also received sufficiently 
reliable data showing the phase velocity of the propulsive wave to increase from the 
animal’s head to its tail.

The information obtained by means of accelerometers also permits to specify two 
more parameters of the dolphin’s movement which are very important: the relation
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between the mean value of the phase velocity of the propulsive wave and the velocity of 
the dolphin’s movement Ct JU, as well as that between the phase velocity of the propulsive 
wave in the anteriormost point of the dolphin’s body (near the nose) and the velocity of 
the motion of the dolphin itself CJU.

Indeed, by using the curves in fig. 6.3, we can measure the time for passing the zero 
level of the phase from the accelerometer on the nose to that on the tail. If we know the 
distance between these accelerometers, we can find the mean value of the phase velocity 
of the propulsive wave. Knowing the velocity of the dolphin’s swimming, it is easy to 
calculate the relation between these values.

To assess the relation CJU, when we know the expression С} JU, it is possible to get 
the respective calculation formula. It can be written as

Fig. 6.3. Fragment of signals from three accelerometers (the solid lines). The designations are in the text.
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f  СЛС . 1 н— —
_ С, + С, _  1 с, j (6.13)

1-3 2 2

Dividing the left and the right sides of expression (6.13) by the value of the dolphin’s 
swimming velocity (U), we shall get

(  С  ^ С, 1 + Ь .
Q-3 = ) , (6.14)
U  2 U

where from it is easy to obtain the expression we want:

C, _ 2C,_3
и ( с  Vс/ l + b .  (6.15)

v 1У

Table 6.1 displays the averaged values of kinematic parameters derived by two methods 
on three experimental animals. Their bodies were 2.24 m, 2.18 m and 2.2 m long 
respectively. The errors of measurements cited in the table 6.1 correspond to one root- 
mean-square error of the result.

It is necessary to make a comment. One of the dolphin’s body points, the trajectory of 
which was traced by means of the methods described here, was the fork of the animal’s 
caudal fin. Generally speaking, the choice of this point was not very correct because the 
caudal fin is movable in relation to the stem. Its mobility may imply certain errors when

U, m s'1 dU/dt, ms'2 h,/h, b0, m '1 Y h, /I C,/C„ CJU CaJ U f  Hz

1.5 2.6 0.27 0.55 - 0.18 - 1.24 - 1.46

+0.07 ±0.02 ±0.02 - ±0.004 - ±0.08 - -

2.2 0 0.11 0.07 3.5 0.112 1.15 1.05 1.13 1.10±0.11

±0.07 ±0.02 ±0.02 ±0.9 ±0.004 ±0.04 ±0.08 ±0.01 -

4.3 0 0.21 0.23 4.2 0.112 1.50 0.97 1.31 2.22±0.11

±0.07 ±0.02 ±0.07 ±0.9 ±0.004 ±0.04 ±0.08 ±0.02 -

Table 6.1. Kinematic parameters of a dolphin Tursiops truncatus. For explanations of variables, see text.
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calculating the phase relationships of the oscillations of this point and of other points of 
the dolphin’s body. To verify the possibility of such error, the third point of observations 
was chosen on the caudal stem near its joint with the caudal fin. After that its kinematics 
was traced and the obtained results were compared with the previous ones. It was found 
that the data did not diverge much, remaining within the limits of experimental errors.

The experiments discussed here were the first to yield such facts, which testified to 
the instability of the phase velocity of the propulsive wave spreading along the dolphin’s 
body. The pattern of dependence between the velocity of the propulsive wave, in the 
first approximation, can be regarded as linear, because the measurements effected only 
in three points of the body do not permit to reveal a more complicated dependence which 
is quite possible, as can be seen from the data of the recent years (Yanov, 1990).

Up to the recent time, the velocity of the propulsive wave was thought to be constant 
within the limits of the fish or dolphin’s body. We shall later demonstrate that the variable 
pattern of the phase velocity of the propulsive wave essentially influences the 
characteristics of streamlining over dolphins.

As to the amplitude function of the propulsive wave, the measured amplitudes of 
oscillations in the three points of the dolphin’s body, namely ft , h2 and ft , allow to 
approximate it by a monotonous function like the one below:

where y=3.5 and 4.2 with the swimming velocity U = 2.2 ms-1 and 4.3 m s'1 respectively.
Nevertheless, as it is demonstrated in the paper of V. G.Yanov (1990), the amplitude 

function of the propulsive wave is of non-monotonous pattern and should be approximated 
by a more complicated function. The experimental studies described in the above paper 
were aimed at thorough and more detailed examination of kinematic characteristics of 
Tursiops truncatus by a cine method. The amplitude of the dolphin’s body oscillations 
and the phase velocity of the propulsive wave were found in 12 points of the animal. To 
this end, white suction devices made of rubber were fixed on the dolphin’s body (on its 
side along the median line) at approximately equal distances from one another. The 
dolphin was trained to swim in a long sea pen along a straightforward line (fig. 5.40 
shows experimental scheme). The dolphin, swimming under water, was filmed through 
the lateral reticulated wall of the pen by a special cinema camera which could rotate 
horizontally while tracing the animal’s movement. The cinema films so obtained were 
analysed by computers following a special programme, which precluded possible geometric 
errors. The results testify that the amplitude function of the propulsive wave on the 
dolphin’s body is non-monotonous, having its minimum at xll = 0.3 (fig. 5.44). The phase

Г ,  { Л у Л
h ( x , t ) = h 3  — - 1 +  2 — L  s i n [ f t t f  -  & ( x ) x : ] ,  „

h  К  (o .lo j*3 ^  -3 J
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velocity of the propulsive wave was not constant within the limits of the animal’s body, as 
it was confirmed by the results of the study (Romanenko, 1980) described above. However, 
the detailed investigations of Yanov (1990) helped to establish that the function of the 
phase velocity of the propulsive wave is more complicated (fig. 6.4) than it was thought 
in the paper of Romanenko (1980). In particular, the function of the phase velocity has a 
number of minimums, which the author associates with the presence of zones of higher 
mobility of the animal’s spine. The minimums of the function of the phase velocity coincide 
with such zones.

6.2. Dolphin fluke kinematics

For many years the researchers have been studying dolphin hydrodynamics (Gray’s 
paradox) and swimming performance. One way to increase dolphin swimming 
performance is to optimize an operation of dolphin fluke. Much attention is paid to 
mathematical modelling of dolphin fluke (Lighthill, 1970; Wu, 1971; Chopra, 1976; Chopra, 
Kambe, 1977; Katz, Weihs, 1979; Lan, 1979; Ahmadi, Widnall, 1985). But dolphin fluke 
kinematics is scantily known experimentally. The available experimental data deserve 
further refinements.

Fig. 6.4. Phase velocity of the propulsive wave. The designations are in the text. (Redrawn from Yanov, 1980).
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6.2.1. Dolphins fluke deformation during the dolphin active swimming

The thing is that the few experimental papers published so far (Wu, 1971; Kayan, 
1979; Fish, 1993) estimate the kinematic parameters of the dolphin’s fluke as approximated 
by the flat rigid hydrodynamic wing. As an example, fig. 6.5 illustrates the data from 
paper (Fish, 1993). However, when analysed, the cinema films demonstrate that during 
the dolphin’s active swimming its fluke gets considerably deformed, especially in the 
upper and lower positions. This is shown in fig. 6.6 displaying fluke in the lowermost 
position. Fluke is most markedly bent in the point where the caudal vertebra end. fig. 6.7

Fig. 6.5. Path and position of dolphin flukes throughout a stroke cycle. The tips of the flukes move along 
a sinusoidal path. Fluke position with respect to the path is shown as straight lines at intervals of 0.1 s. The 
inset shows the angle of attack was measured as the angle between the fluke axis and the tangent to the fluke 
pathway. (Redrawn with permission from Fish. 1993).

Fig. 6.6. Fluke in the lowermost position.



300 Е. V. Romanenko. Fish and dolphin swimming

presents the shape of fluke in some middle position of its movement trajectory (between 
the upper and the lower extreme points). Fluke is seen to be shaped as an arc.

The above papers say absolutely nothing about the approximation method, which 
could clarify how the deformed fluke of the dolphin was replaced by the flat wing. This 
reason, most likely, explains why the literature data on the measured attack angle of the 
dolphin’s fluke differ so much, which can be proved by the table 6.2.

Fig. 6.7. Fluke in the some middle position.

Species 8, deg a, deg (7, ms"1 Source

Tursiops truneatus 3 0 -4 0 4 - 6 2.3 Kayan, 1979

Same 23 - 27 2 .8 -4 2.35 Videler, Kamermans, 1985

Same 19.5 2.0 Fish, 1993

Same 12.0 6.0 Fish, 1993

Sotalia guianensis 6 - 3 2 6 - 13 2.4 Videler, Kamermans. 1985

Lagenorhynchus

obliquidens 38 5.1 Yates, 1983

Same 16 5.1 Webb, 1975

Table 6.2. Measured inclination angle ($) and attack angle (a) of the dolphin's fluke (From literature data).
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The lack of experimental data on the position of the pitch-axe of the dolphin’s fluke, 
likewise the widely scattered data on the attack angle, do not permit to sufficiently reliably 
estimate the efficiency of the work of fluke and of the thrust power, as assessed by the 
theoretical models known today.

We present the results of our experimental studies of the kinematics of fluke in 
Tursiops truncatus.

The experiments involved three male Tursiops truncatus of almost the same dimensions. 
Their body length was about 220 cm. The kinematics of their fluke was examined in a 
marine pin by the cinema method. The pin belonged to the Utrish marine station of the 
Severtsov Institute of Ecology and Evolution, the Russian Academy of Sciences. Fig.5.40 
shows the location of the pin (for greater visuality, the scheme is not scaled).

The pin has two parts. One of them is square, 10 m x 10 m in size; it is for long-term 
keep of the experimental animal and is made of capron net meshed as 10 cm x 10 cm. 
The net is shaped as a sack and is fixed inside a framework of steel tubes. In detail the 
pin was described in chapter 5.

The animal under experiment was trained to swim up and down the corridor. To 
stimulate the dolphin, it was fed alternately in the first and in the second ends of the 
corridor. The filming was effected by a diving camera man through the side wall of the 
pin; the camera man worked with the camera and the 16 mm tape. Then we made the 
photocopies of the frames, scanned it and handled it with a computer. For example, 
figure 6.8 shows the photo of the tail fin, and its refined image is shown in figure 6.6.

Fig. 6.8. Photo of the dolphin fluke.
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In order to evaluate the kinematical parameters of the fluke, we accomplished frame- 
by-frame analysis of a great number of photo images. Each image was replaced by the 
line, which repeats its curvature with the best fidelity. Figure 6.9 shows the image of the 
tail stem and the fluke, and figure 6.10 shows the same image with the applied line, 
which repeats the shape of the profile and curvature of the fluke.

Then the series of images were laid over so that the volier net elements (first of all, the 
knots) coincided. It is shown in figure 6.11. We assumed that the net remains immovable 
during the whole length of the analyzed fragment of the cine filming. Usually the duration of 
the fragment did not exceed 0.5 -  0.8 s. Then unnecessary elements were erased from the 
obtained pictures and we got frame-by-frame sequences of the fluke positions. The example 
of such sequence is shown in figure 6.12. The fin moved downward. The fragment duration 
was about 0.3 s. We can see that curvature of the fluke varies within a wide range. In frame 
1 the fluke is almost plain. This moment corresponds to the fluke position right after the 
stowage at the upper part of its trajectory. The beginning of the stowage in the lower part is 
shown in frame 11. That is why the trajectory has a very complicated form.

6.2.2. Linear oscillation of dolphin fluke

The cine filming was performed by a moving camera, which was able to turn in the 
horizontal plane following the dolphin. We logged many fragments of the complete (or

Fig. 6.9. Photo of the dolphin fluke.
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Fig. 6.10. Photo of the dolphin fluke.

Fig. 6.11. The series o f fluke images (3 frames).
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almost complete) cycle of the fluke oscillation. In these fragments we marked a point, 
which coincided with the rear end of the root chord, and defined its amplitude function. 
This point was selected for observation because the axis of the fluke rotation is very 
likely to pass through it. We will discuss it in detail in the next section.

Figure 6.13 shows experimentally defined values of the amplitude function and a 
harmonic function of the same amplitude for a comparison (the dotted line), The 
experimental points are fitted with the confidence intervals of a single standard error 
size. We can see that the amplitude function of the dolphin fluke oscillation is very close 
to the harmonic function.

The relative amplitude of the tail fin oscillation ft/7 is 0.112±0.004. Here ft; is the 
oscillation amplitude (m), / is the dolphin body length (m). The number of the fragments 
being analyzed is 22. We did not find any dependence of the relative amplitude on the 
speed of swimming in the range 2.2 ms'1 to 4.3 ms-1.

6.2.3. Position determination of the pitch-axes of fluke

For further consideration it is feasible to present the main elements of fluke as it is 
done in fig. 6.14 (which shows the picture of the real dolphin’s fluke). Comparing figs. 
6.6 and 6.14, one can see that in the rotating points of fluke trajectory (the upper and the 
lower ones) the part from -c to +c practically remains rectilinear and it can be treated by 
Lighthill’s law of motion (Lighthill, 1970) describing the motion of the oscillating two- 
dimensional rigid wing (fig. 6.15). It imitates the caudal semi-lunar fin of fishes. This can 
be expressed in the following form:

Fig. 6.12. The series o f fluke images (11 frames).
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Fig. 6.13. Amplitude function of an oscillating fluke (1) and harmonic function (2).

Fig. 6.14. Picture of the real dolphin’s fluke. The designations
are in the text.
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у  -  [h -  Ш (х -  b ) ^ ,a>‘ (■- с < х < + с ), (6.17)

where li and $  are the amplitudes of the heaving and pitching of fluke respectively, b is 
the distance from the beginning of co-ordinates to the pitch-axe, с is the semi-chord of

the wing, e ia* is the time multiplier characterising the harmonic pattern of fluke motion. 
Further on we shall omit this multiplier because it does not affect the results under 
consideration.

The amplitude value of the oscillations looks as follows:

у  = y]\lr + &2( x -  b)~ (6.18)

or when normalised by the length of the semi-chord:

Г/ , V /  7 \2
У _  { h \ , ,Q2( * b ]-"VLUJ U“JJ- (6-l9)

The amplitude of the shift in fluke with the co-ordinate (-с) in fig. 6.14 will be found 
by the expression

/ c) \ \ ( h 1  J  л b fс “vLUJ+1 Jj  ̂ (6-2o)
Respectively, for the points with the co-ordinate (+c)

У " 1 Л Y , 4 ,  b f

Fig. 6.15. Two-dimentiona! rigid wing.
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The relation of amplitudes in the above points looks as follows:

y - ^ ' V L w  I  c ) _

y {+c) \ \ ( к Л 2 a2f 1 • (6 -22)
-  + #  l - -

Ш с )  I  CJ .

As it can be seen from the formula, the amplitudes of the shift in the points (-c) and (+c) of 
fluke are identical only in one case when b/c = 0. If b/c differs from 0, the relation between the

amplitudes у y(+c) is determined by three values: h/c, Band b/c. We are interested in the

position of the pitch-axes, i.e. in the value b/c. The cinema films containing the results of the

experiment permit assessing the relation between the amplitudes у / у  (+c) > t+e amplitude of

oscillations h/c and the maximum inclination angle of fluke towards the horizontal axe #. We 
analysed a great number of films (over several scores) and found out that the relation between

the amplitudes у 6 с) /у (+с) varies within l to 1.1, the relative oscillation amplitude of the fluke

h/c = 3.5. It is more habitual to relate the oscillation amplitude of the fluke to its root chord (from 
-c, to +c2, fig. 6.14). Presenting the root chord as с , we shall get hlco = 1.43.

To find the angle #, we shall present fluke of the dolphin in fig. 6.7 as an arc of 
respective curvature, fig. 6.16 a shows 4 arcs reflecting the position of fluke in four

Fig. 6.16. Four arcs reflecting the position of fluke in four sequential frames of the film at the moments 
when fluke moved from its upper position to the lower one. The designations are in the text.
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sequential frames of the film at the moments when fluke moved from its upper position 
to the lower one. The arcs have emphasised sections A1B1, A2B2, A3B3 and A4B4 
which correspond to the part of fluke (from -c to +c) in fig. 6.14 (the letters B1 - B4 
mark the points where the vertebra ends within fluke and are labelled as light dots). The 
inclination angles of the chords A1B1, A2B2, A3B3 and A4B4 in this actual case 
respectively equalled &l = 48.5°, = 51°, #3 = 42° and $4 = 38°. (The upper arc and the
measured angle are shown separately in figure 6.167?). They reflect the dynamics of the 
angle between the fluke sector from -c  to +c and the horizontal axis during its the 
movement. We must differentiate these values from the slope angles of the whole fluke. 
We shall discuss how to measure these angles in the next section.

They reflect the dynamics in the changes of the inclination angle of fluke (to be more 
exact, of fluke section from -c to +c) during its motion. To assess the position of the 
pitch-axes in fluke we shall use the maximum value of its inclination angle averaged by 
the great number of the films (22) within the range of swimming velocities from 2.1 ms'

1 to 3.3 m s'1, which equals #  = 45.4° ± 1°. Substituting the measured values y ^ c>/ _уЛЛ ,

h/c and #  in formula (6.21), we shall see that b/c = 0 at y ^ 0'1 / = 1 and blc = 1.024

at y [~c)! y {+c) = 1.1.
Taking into account that fig. 6.14 displays the picture of the actual fluke of Tursiops 

truncatus, we shall write down some obvious relationships connecting the dimensions of 
its individual parts:

^  = 0 .35 , ( 6 .2 3 )

= 0.41, (6.24)
C| + С

Y w 0 '2 2 ’ <6 -25»

from which we yield the following expressions:

с = 0.32(c, + c), (6.26)

Cj = 0.67(c, + с ), (6.27)
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с2 = 0.09(с, + с )  (6.28)

Let us introduce the following values: b° = с + b, which is the distance between the 
pitch-axes and the anterior edge of fluke, and cg = с + c2 which is the root chord of 
fluke. Then the relative position of the pitch-axes may be written as follows:

b° (c, + b )
—  = (6.29)
c0 Cj + c2

Dividing the numerator and the denominator in the right part into c, and using the 
relationships (6.26) - (6.28), we shall get

b° ( b Л
—  = 0.88 + 0.42 -  . (6.30)
co Vе J

The relation between the amplitudes у / y + 4  0f the ends in fluke section from -

с to +c during the dolphin’s active swimming within the velocity range from 2.1 ms~' to
3.3 ms-1 varies from 1 to 1.1, while the value b/c varies from 0 to 1.024. Taking this into
account, we can employ formula (6.30) to calculate the relative position of the pitch- 
axes with the extreme values of b/c. We shall have the following:

b°
—  = 0.88 ^  b/c = 0, (6.31)
co

b°
—  = 1 .3 1  at b/c  = 1.024. (6.32)
co

The obtained results testify that the pitch-axes of the dolphin's fluke is situated near 
its posterior edge, which is in good agreement with Lighthill’s suggestion (Lighthill, 1970). 
(There is an uncertainty in the works Romanenko, Pushkov, 1997. But this uncertainty 
did not influence the main final result).

6.2.4. Evaluation of the angles of inclination of the dolphin fluke and its 
trajectory to the horizontal axis

We need these values in order to calculate the attack angles of the dolphin fluke and 
to evaluate the hydrodynamic forces generated by the fluke. Keeping in mind the curvature
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of the fluke, we developed some methods of estimation of the slope angles of the fluke 
itself and of its trajectory, which we are going to discuss first of all. The series of the 
three fluke positions is shown in figure 6.17. The points A 1, A2, A3 show the position of 
the pitch-axis of the fluke. According to the results of the previous section, this position 
coincides with the rear edge of the fluke (more exactly, with the line +c2 in figure 6.14). 
We measured the angles 6{ and ft, between the lines A1A2, A2A3 and the horizontal 
coordinate axis. Then we calculated average values 6u=(6^+ ft,)/2, and assumed this 
value to be the angle (в ) between the tangent and the track of the fluke pitch-axis A2. 
In the same way we evaluated the angles between the tangents and the pitch-axes of the 
fluke in all the analyzed fragments of the cine filming. Strictly speaking, this averaged 
angle can differ from the real angle of the slope of the trajectory. But for the middle 
positions of the fluke (crossing of the horizontal axis) this angle of the trajectory slope is 
practically constant. That is why the averaging of the angles of two neighbor positions 
leads to negligible error. However, the error can be appreciable at the upper and lower 
turning points, where the curvature of the trajectory is close to the maximum.

The averaged function of the experimentally defined angles of the trajectory slope 
(вт) is shown in figure 6.18 (values). Averaging has been performed in the speed range 
from 2.2 to 4.3 m s 1. For a comparison there is also a harmonic function (dashed line). 
Every experimental point is supplied by an interval (one standard error size). We can see 
that the function of the slope angle of the trajectory is sufficiently close to the harmonic 
function. However at some points the experimentally measured values certainly differ

Fig. 6.17. The series of the three fluke positions.
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from the harmonic function. This phenomenon takes place at the moments when the 
fluke motion changes its direction. One of those moments is demonstrated in figure 6.19. 
Switching occurs between the positions of the fluke marked by figures 2 and 3. As a 
result, the angle of its slope changes drastically.

Fig. 6.18. The averaged function of the experimentally defined angles of the trajectory slope (1) and 
harmonic function (2).

Fig. 6.19. Switching of the fluke positions (1 -  4).
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In order to explain the method of the slope angle measuring, let us consider the wing 
which profile is a sort of an arc (figure 6.20). Here the direction of the zero angle of 
attack is marked by VW For such a wing this direction coincides with the line, which 
comes through the points A and В (Loitsyanskiy, 1987). The vector of the flow speed 

is shown in the same figure. Its direction to the arc forms the angle of attack a. We 
can suppose that the streamline of the arc-like fluke of a dolphin is approximately the 
same as of the arc in figure 6.20. Apparently we can assume that the slope of the fluke 
is the slope of the line of the zero attack angle. In figure 6.21a there are the same series 
of the fluke positions as in figure 6.17. Let us consider the fluke to be in its upper 
positions (figure 6.217?). As it was previously mentioned point A1 denotes the position of 
the pitch-axis; point В 1 denotes the position of the leading edge of the fluke. The fluke 
here moves down. We draw the perpendicular from the middle of interval A1B1 to the 
crossing with the line that represents the profile of the fluke (to the point C l). We draw

Fig. 6.20. The wing which profile is a sort of an arc.

Fig. 6.21. The series of the three fluke positions (a) and measuring method of the fluke slope (b).
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the line through points A1 and C l . We measure the slope angle of this line and consider 
it to be the slope angle of the fluke. We perform the similar measuring with the other 
fluke images.

The averaged function of the experimentally defined angles of the fluke slope is 
shown in figure 6.22. Averaging has been performed in the speed range from 2.2 to 4.3 
ms'1. For comparison there is also a harmonic function (dotted line). Every experimental 
point is supplied by an interval (one standard error size). We can see that the function of 
the fluke slope angle closer corresponds to the harmonic function than the function of the 
slope angle of the trajectory (see figure 6.18). However, at the moments when the fluke 
motion is turning back measured values certainly differ from the harmonic function. This 
difference is significantly less than it occurs in the plot of the function of the slope angle 
of the trajectory. The obtained values of the angle are perceptibly greater than those 
adduced in table 6 .2 .

Fig. 6.22. The averaged function of the experimentally defined angles of the fluke slope (1) and harmonic 
function (2).
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6.2.5. The determinations of the angle of attack of dolphin flukes

To determinate the angle of attack of dolphin fluke we’ll approximate it as an “arc” 
(as before). Fig. 6.23a shows three arcs (as on fig. 6.17), according to dolphin flukes 
position in the consecutive frames. A1 -  A3 designate the location of the fluke pitch- 
axes according to its space trajectory. According to previous part the location of the 
flukes pitch-axes can be taken as coinciding with the tips of the flukes (position +C, on 
fig. 6.14). The angle of attack is between the tangent to the fluke pathway and direction

of the zeroth angle of attack ( Vj” on fig. 6.20). The tangent to the fluke pathway on fig.

6.23a and b is designed as 6mean for the fluke A2. The line of the zeroth angle of attack
of the fluke with pitch-axes A2 passes through the points A2 and the end of a short 
length of d  (fig. 6.23b. d is located at right angles to the middle of chord). The mean of 
33 measurements of the angle of attack is equal to 3.3° on the interval of swimming 
speed 2.2 -  4.3 m s1. Fig. 6.24 shows function of the angle of attack of dolphin flukes 
throughout a stroke cycle (closed circles), amplitude function (crosses), the angle function 
of the tangent to the fluke pathway (rhombus) and the angle function of the fluke slope 
(closed squares). Broken and spot curves are harmonic functions. The error bars are the 
standard error of the mean. The angle of attack function has a complex view. The angle 
of attack varies in magnitude only slightly. However, it can reach the amount about 8° in 
a turning points of a fluke (top and lower). A relationship between an angle of attack and 
swimming velocity escaped detection.

Fig. 6.23. The series of the three fluke positions (a) and measuring method of the fluke angle of attack (b)
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A complex view of an angle of attack function is attributable to complex nature 
expression

f  К  )a  = arctg —  - 0 ^  (6 .3 3 )
V 0 У

where Vy = htC0 coscot, # /; = cos COt, h fl and - amplitude of heaving and pitching

correspondingly, U0 - swimming velocity, CO = iTlf', / -  a frequency of fluke oscillation.

Fig. 6.25 shows an angle of attack function according to the expression (6.33). One can 
see that experimental function of an angle of attack is in the qualitative agreement with 
expression (6.33). The function of an angle of attack of a similar nature was measured 
previously (Kayan, 1979).

Fig. 6.24. The function of the angle of attack of dolphin flukes throughout a stroke cycle (closed circles - 1), 
amplitude function (crosses - 2), the angle function of the tangent to the fluke pathway (rhombus - 3) and 
the angle function of the fluke slope (closed squares - 4). 5 and 6 - harmonic functions.
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6.3. Dolphin’s body flow over

6.3.1. Measurements of stream-lining velocities of the water stream over the 
dolphin’s body and of the dynamic pressure distribution on this body

The experimental verification of the Gray’s hypothesis included the measurement of 
streamlining velocities on a freely swimming dolphin at three points of the lateral surface of its 
body. The points were situated at 1.2,1.5 and 1.7 m from the animal’s nose, while the dolphin’s 
body was 2.24 m long. The measurements were effected by means of a couple of micro-vanes 
(Romanenko, 1976) with one of them permanently fixed at 1.2 m from the animal’s nose (on a 
rubber belt). The second micro-vane was alternately fixed at the distance of 1.5 and 1.7 m from 
the nose (fig. 5.59 and 5.66). The information from the vanes was radio-channeled to the shore. 
A small-sized radio transmitter was fixed on the dorsal fin of the dolphin.

The results are presented in fig. 6.26. Along the vertical axis we show the relation between 
the streamlining velocities recorded in the third and the first points of the body (curve 1), and 
in the second and the first points (curve 2). Horizontally displayed are the values of acceleration

The outlined way of looking at measurement of an angle of attack offers to explain its 
over-estimations in some works (Wu, 1971; Fish, 1993). If during the measurement of an 
angle of attack we use direction of chord A2B2 but no direction of the zeroth angle of 
attack (fig. 6.23b) the result will be equal 10°.

The obtained results are clarify two aspects of dolphin’s hydrodynamics: the location 
of the flukes pitch-axes and the value of its real angle of attack. To date these aspects 
were not clearly understood resulting in hampers the use of mathematical models (Parry, 
1949; Lighthill, 1970; Wu, 1971; Chopra, 1976; Chopra, Kambe, 1977; Katz, Weihs, 1979; 
Lan, 1979; Videler, Kamermans, 10985; Ahmadi, Widnall, 1985) to estimate the thrust 
and efficiency of dolphin flukes.

Fig. 6.25. Theoretical function of the fluke angle of attack.
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at which the dolphin was swimming. It is easy to note that when the dolphin was moving at a 
constant velocity or with a positive acceleration, the streamlining flow in the proximal part of 
its body was accelerated. The results were obtained at the mean velocity of the dolphin’s 
swimming equalling 4 ±0.5 ms'1. By means of Bernoulli equation it is not difficult to use the 
streamlining velocities for finding the gradients of dynamic pressure. Fig. 6.27 demonstrates

Fig. 6.26. Relation between the streamlining velocities recorded in the third and first points of the body 
(curve 1), and in the second and first points (curve 2).

Fig. 6.27. Gradients o f dynamic pressure when the dolphin moves at a constant velocity (1) and with an 
acceleration (2 - the acceleration is 0.14 ms'2, 3 - the acceleration is 0.4 ms 2).
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the results of such scaling when the dolphin moves at a constant velocity 1 and with an 
acceleration (2 - the acceleration is 0.14 ms'2, 3 - the acceleration is 0.4 ms'2). Along the 
vertical axis there are values of the normalised gradient of pressure within the area 
under measurement.

Fig. 6.28 shows temporary dependence of dolphin velocity (solid curves) and dynamic 
pressure gradient on its body (broken lines) during one course. The breaks of a line 
coincide with the moments of expiration-inhaling. During an active motion of a dolphin 
the pressure gradient becomes negative. When the motion becomes weak and non­
active the pressure gradient becomes positive. The last moment of the motion is exceptional 
when the decrease of motion velocity coincides with the pressure gradient decrease. At 
this moment the dolphin finished the motion and took a vertical position waving the tail. In 
this case the mechanism of negative gradient formation is caused by throwing aside the 
water by the tail fin and creating of a flow over along the body.

To estimate the impact of the dynamic pressure gradient upon the pattern of 
streamlining over the dolphin’s body, it is demonstrative to consider the form-parameter 
of the profile of velocities (Schlichting, 1974). The latter looks as follows:

— 8 2 dp
A = ----- 77 a ' (6-34)v p U  dx

Here, V is the kinematic viscosity of water, 8 is the thickness of the boundary layer, p  is 
the water density, U is the velocity of the on-running stream, p is the dynamic pressure, 
x is the co-ordinate.

The experimental values of the pressure gradient, presented in fig. 6.27, correspond 
to the values of the form-parameter of the profile of velocities cited in table 6.3.

Fig. 6.28. Temporary dependence of dolphin velocity (solid curves) and dynamic pressure gradient on its 
body (broken lines) during one course.
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It is known (Schlichting, 1974) that at positive values of the form-parameter the 
Reynolds number is increasing and the laminar streamlining is observed to stabilise. As 
seen from table 6.3, the values of the form-parameter corresponding to the experimentally 
found values of the dynamic pressure gradient prove to be quite sufficient to stabilise the 
laminar streamlining (or, which is the same, to increase the critical Reynolds number).

In one of the following parts we will show that in fact the Reynolds number transition 
of laminar boundary layer into turbulent one on a free swimming dolphin is much higher 
than on a flat plate and solid dolphin model. The dependence of the Reynolds number 
transition on dolphin motion acceleration was also found.

6.3.2. Flow over of an oscillating rubber wedge

In order to estimate the negative gradient of dynamic pressure along the oscillating plate 
we carried out an experiment. A rubber wedge was made (fig. 6.29). Three holes are made 
along the side surface of the wedge. They are connected with three liquid manometer. In the 
front part of the wedge a rode is fixed with the help of which the wedge can make transversal 
oscillations. The bending wave aroused in the front part of the wedge spread from its thick to 
the thin part with an amplitude increasing. The experiment was carried out in still water. In 
the case of no oscillations the liquid levels in all three manometers are the same (fig. 6.29a).

As soon as the front part of the wedge is oscillated and the bending wave spreads from its 
front part to the rear part the manometers show the pressure fall and the lowest pressure is 
shown by the manometer fixed closer to the wedge rear. The highest is shown by the manometer

Fig. 6.29. Experimental scheme: a  -  the absence of oscillations, b -  during the oscillations. 1 - rubber wedge, 
2 -  holes, 3 -  manometers, 4 -  rod.
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xll
2

a, ms
2  dp

' mpU~ dx
Л

0.6 0 0.093 1.6
0.65 0 -0.168 3.0
0.65 0.14 -0.24 4.35
0.65 0.4 -0.36 6.5
0.71 0 -0.28 5.6

Table 6.3. Formparameter of the profile of velocities ( Д  ) vs. an acceleration

(a) and pressure gradient (2dp / dx /  pU  2 ) along the dolphin’s body (xll).

fixed closer to the front pait (fig. 6.29V). It is necessary to 
note that the manometers were constructed to register only 
the constant pressure component. An amount flow of water 
was formed along the wedge. The negative pressure gradient 
created at this moment equal about 10'5 -  1 O'4 atm per cm.

6.4. Pressure pulsations as measured in the 
boundary layer of the dolphin

It is common knowledge that the favorable (negative) 
gradient of dynamic pressure on the streamlined rigid body not 
only stabilises laminar streamlining but also favours turbulent 
streamlining by decreasing the degree of turbulence down to a 
complete reverse transition (Schlichting, 1974; Repik, 1971; 
Nazarchuk, Kovetskaya, Panchenko, 1974; Lander, 1964). 
Now, it remains to be verified if the favourable (negative) 
gradient of dynamic pressure can actually benefit the pattern 
of streamlining over the animal’s body. In this connection, it is 
interesting to consider our own radio-telemetric measurements 
of the pressure pulsation level in the boundary layer on the 
body of a freely swimming dolphin within the area of its middle 
(at the distance of 1.2 m from the nose) (Romanenko, 1972, 
1978,1986; Romanenko, Yanov, 1973).

Fig. 6.30 reflects a short-time after-fish plunge of the dolphin. 
The entire process took about 2.5 s. (the time is presented 
horizontally). The lower part of the Figure shows a graph with the

Fig. 6.30. Swimming velocity and pressure pulsations during the short- 
time after-fish plunge of the dolphin.
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streamlining velocity of the dolphin's body nearly to dorsal fin at about 20 cm from the point where 
the pressure pulsations were measured (The explanation of flow over velocity changes coinciding 
with dolphin body frequency oscillation is given in 5.1.8. Ch. 5). In the first approximation, the 
streamlining velocity may equal 5 m s1. In the upper part of the Figure we display two oscillograms. 
The first one (in the bottom) presents some useful information as radiochanneled from the dolphin 
by means of radio-telemetric devices (Yanov, Romanenko, 1972) and then registered on a magnetic 
tape. This information involves a total of pressure pulsations (the noise pattern) and a sequence of 
radio-pulses. The frequency of their order is proportional to the streamlining velocity at the point of 
measurement. The second oscillogram shows the pressure pulsations as such (they are filtered 
from the pulses). The whole process of the dolphin’s motion, reflected in this Figure, can be 
conventionally divided into three sections: that of acceleration (till the moment of 1.05 s), the one of 
motion with approximately constant velocity (from 1.05 s to 1.5 s) and the last one of slowed 
motion (by inertia) (from 1.5 to 2.45 s). Within the section of accelerated motion the streamlining 
velocity is changing from time to time. The noise of streamlining (the pressure pulsations), likewise 
the streamlining velocity, is non-stationary. The noise proves to be amplitude-modulated. The 
maximums of noise rather accurately coincide with those of streamlining velocity. The pattern of 
hydrodynamic noise, presented in the oscillogram, testifies to an almost turbulent regime of the 
dolphin’s streamlining within the area of its middle when the animal moves at a constant velocity. 
The meaning of the word ‘ ‘almost’ ’ will be explained later when we shal 1 consider the quantification 
of pressure pulsations. For the time being, we shall speak only about a very important thing. Let us 
compare the noise in the section of the dolphin’s motion corresponding to the time intervals from
0.5 to 0.75 s and from 1.5 to 1.75 s. In these sections, the mean values of streamlining velocity are 
practically the same. But the level of noise in the second section (retarded or slowed motion) is 
considerably higher than in the first one (accelerated motion).

Figs. 6.31 and 6.32 provide larger-scaled fragments of the oscillograms of pressure 
pulsations in the motion sections mentioned above. The fragments permit a very important 
conclusion: the intensity of pressure pulsations in the boundary layer of the dolphin depends

Fig. 6 .31 . L a rg e r-sca led  fragm en ts  o f the 
oscillograms of pressure pulsations in the section 
of the dolphin’s motion corresponding to the time 
intervals from 0.5 to 0.75 s.

Fig. 6 .32 . L a rg e r-sca led  fragm en ts  o f the 
oscillograms of pressure pulsations in the section 
of the dolphin’s motion corresponding to the time 
intervals from 1.5 to 1.75 s.
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upon the pattern of its motion. In the sections of the animal’s active motion the level of 
pressure pulsations is obviously lower than in those of its passive motion (by inertia).

We shall begin our quantification of the obtained results with an estimation of the 
value of the so-called acoustic-hydrodynamic efficiency ratio (Petrovsky, 1966). The 
latter characterises the relation between the energy of turbulent pulsations and the kinetic 
energy of the velocity thrust (pressure head). This efficiency ratio looks as follows:

2л/ЛП = (6.35)
p U

where ^j p 2 is the mean square value of turbulent pressure pulsations, p  is the water

density, U is the flow velocity. In some publications this efficiency ratio is called as the 
transformation coefficient since it characterises the share of the kinetic energy of the 
flow transforming into the energy of turbulent pulsations.

Now we shall estimate the value of this coefficient for three cases of the dolphin’s 
motion: by inertia, weakly active with acceleration of about 0.4 - 0,6 ms'2, and strongly 
active with acceleration of about 3.0 ms'2.

The transformation coefficient in case of the inert motion of the dolphin proved to be 
8.9.103 ±  0 .5 .103. In case of the weakly active motion of the dolphin, this coefficient

equalled 4.6.10'3 + 0.4.10'3. In case of the 
dolphin’s strongly active motion the 
transformation coefficient was 3.9.10-3 ±
0.4.10'3.

The developed turbulent boundary layer 
is known to be characterised by the value 
approximately equalling 6 .10'3(Petrovsky, 
1966). When the boundary layer is laminar, 
this value should be at least by six times 
smaller, i.e. rj < 1.10'3. It means that the 
above value of p = 3.9.10'3, corresponding 
to the more accelerated motion of the 
dolphin, characterises the boundary layer 
of some intermediate structure between the 
turbulent and the laminar layers, or, as it 
was called previously, an “almost” turbulent 
one. Therefore, the absolute value of the 
coefficient 1] including the inevitable part 
of system errors is not important, as the

Fig. 6.33. Spectral density of mean square pressure 
pulsations on the lateral surface of the dolphin’s body 
(at 1.2 m from the animal’s nose) during the dolphin’s 
free swimming in the regime of active motion with 
acceleration of about 3 ms'2 (1), and in inert motion (2) 
with the same swimming velocity (about 3.5 ms'1).
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relation between 8.9.103 ± 0.5.103 and 3.9.10'3 ± 0.4.10'3. And their relation, being devoid 
of system errors, equals 2.3.

The level of pressure pulsations, which comprises the formula (6.35), is unambiguously 
associated with the shearing stresses on the streamlined body, because they determine 
the resistance to the body’s movement under water. A decreased level of pressure 
pulsations in the dolphin’s active motion, as compared with the level of the passive regime, 
testifies to the fact that the coefficient of friction resistance in the dolphin’s active motion 
should be smaller than that in its passive motion. And it is this very fact that can explain 
Gray’s paradox.

Fig. 6.33 shows our measurements of the spectral density of mean square pressure 
pulsations on the lateral surface of the dolphin’s body (at 1.2 m from the animal’s nose) 
during the dolphin’s free swimming in the regime of active motion (with an acceleration 
of about 3 ms'2) 1, and in inert motion 2 with the same swimming velocity (about 3.5 ms' 
‘). One can see that when the dolphin moves with a larger acceleration, the level of 
mean square pressure pulsations is almost twice lower than in case of the inert motion 
(at the point of measurement).

Fig. 6.34. shows the spectral density of ^j~p^ at small active dolphin movement

(acceleration is about 0.5 ms'2) with turbulisator and different values of swimming velocity 
( 1 -  4). A rubber ring 1.2 cm thick put on 
a dolphin body at front peduncles was used 
as a turbulisator. The measurements are 
made at the same point of the body as in 
the previous case. It is obvious that during 
the artificial turbulisation of the boundary 
layer and non-active dolphin swimming at 
a speed of 3.5 ms' 1 the pulsation level at a 
measurement point is practically the same 
as it was in the previous case (fig. 6.33) 
during the inertial movement.

Fig. 6.35 shows analogous illustration 
for the case o f non-active  dolphin 
movement without turbulisator.

Some interesting results of measuring 
the velocity pulsations in the boundary 
layer are cited in the paper of L. F. Kozlov 
and V. M. Shakalo (1973). For their 
measurements they employed a thermo­
anemometer fixed on the dolphin’s side in

active dolphin movement (acceleration is about 0.5 
m s-2) w ith tu rbu lisa to r and d ifferen t values of 
swimming velocity: 1 -  4 m s'1, 2 -  3.5 ms'1, 3 - 2 .1  
m s 1, 4 -  less than 0.8 m s 1.
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Fig. 6.35. The spectral density at small active 
dolphin movement (acceleration is about 0.5 ms'2) 
w ithout tu rbu lisa to r and d ifferen t values of 
swimming velocity: 1 -  5.3 m s 1, 2 - 4 .1  m s'1, 3 -  
3.6 m s 1, 4 - 1 .9  m s 1, 5 -  less than 0.8 m s 1.

Fig. 6.36. Results of a measuring of the velocity 
pulsations in the boundary layer on a dolphin (1) 
and body of a revolution (2). (Based on data 
Kozlov, Shakalo, 1973 and Tsyganyuk, 1971).

front of its dorsal fin. The distance between the animal’s nose and the point of measurement 
was 0.9 m. That between the thread of the thermo-anemometer and the skin surface of 
the dolphin was about 1 mm. The degree of free turbulence in the water area was 0.5%. 
Fig. 6.36 displays the experimental data 1. For comparison, the same Figure shows the 
data of A. M. Tsyganyuk (1971) who measured the degree of turbulence in the boundary 
layer of a tagged rigid body of rotation 2. The nose end of the body was shaped as a 
rotating ellipsoid with the axial ratio of 2 : 1. The body diameter was 22 cm. The distance 
between the nose of the body and the point of measurement equalled 1.2 m that from the 
body’s surface to the point of measurement was 0.5 mm. The measurements were 
taken during the steady-speed movement of the body.

When analysing the experimental data of fig. 6.36, these authors conclude that the 
degree of turbulence in the boundary layer of the dolphin does not depend upon the 
regime of its motion. Logically, the degree of turbulence in the boundary layer should
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depend upon the regime of motion and upon the non-stationary pattern of this motion. 
The same conclusion is made when we consider the above measurements of pressure 
pulsations within the dolphin’s boundary layer.

The next conclusion made by the authors of the cited paper claims that the transition 
of the laminar flow into the turbulent one in the dolphin’s boundary layer and on a rigid 
body begins approximately under the same Reynolds numbers. However, the transition 
area on the dolphin is considerably wider than that on the rigid body.

With Re = 2.7.106, the level of turbulence on the dolphin is found to be essentially 
lower, down to the level of the laminar flow, while on the rigid body this level is lowering 
quite inconsiderably. It is also noted that in some individual cases the high level of turbulence 
remains there even under large Reynolds numbers.

6.5. Measurement of the shearing stresses in the dolphin’s boundary
layer

The level of pressure pulsations is unambiguously associated with the shearing stresses 
on the streamlined body. These stresses determine the resistance to the body’s movement 
under water. A decreased level of pressure pulsations observed in the active movement 
of the dolphin (movement with acceleration or at a constant velocity), as compared with 
the level of pressure pulsations in the inert movement of the animal (see fig. 6.33), 
testifies to the fact that the coefficient of friction resistance in the active movement of 
the dolphin should be smaller than that in its inert movement. And this very fact explains 
Gray’s paradox.

This conclusion is so important that it cannot be accepted without doubts, despite its 
looking obvious in the light of the above investigations and their results. To confirm this 
conclusion, it is necessary to measure the shearing stresses within the boundary layer 
directly on the body of a freely swimming dolphin. Such measurements were taken by 
means of a specially designed meter of shearing stresses and an autonomous recording 
device fixed on the dolphin’s dorsal fin.

Simultaneously with the information about the shearing stresses, the recorder takes 
that on the streamlining velocity, in the way described above. Thus it becomes possible to 
find the accordance between the streamlining velocity and the value of the shearing 
stresses.

The meter of shearing stresses was alternately placed in different points on the dolphin’s 
right side at the following distances from the animal’s nose: 0.4,0.5, 0.67 and 0.78 of its 
length, as well as directly on the caudal fin of the animal (fig. 5.36). The sensor of the 
meter was situated at 3 mm from the body surface which comprised about 0.2 - 0.25 of 
the boundary layer width (thickness). According to Shlihting (1974), shearing stresses at 
such distance from the surface practically coincide with those on the very surface.
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Fig. 6.37. Swimming velocity (1) and the local 
drag coefficient of (2) in relative units.

The most typical results for all points where the measurements were taken are 
presented in fig. 6.37. The horizontal axis shows the time in seconds from the onset of 
the animal’s movement, the vertical axis presents the swimming velocity (the black dots) 
and the local drag coefficient (the crosses) in relative units.

One can clearly see the sections of the animal’s movement with positive acceleration, 
at constant velocity and with delay. Within the time interval from 6.4 and 7.4 s the dolphin 
emerged to the surface for inhalation - expiration. Before the animal emerged, its 
swimming velocity was observed to be slightly lower which might be due to the end of 
thrust. One can see that in the section of the dolphin’s accelerated movement the local 
coefficient of resistance is the smallest, while it was the largest when the dolphin moved 
with delay (by inertia). The difference between the smallest and the largest values is 
quite essential. It is noteworthy that in this case the local coefficient of resistance was 
the largest two times during the dolphin’s movement: right before the expiration-inhalation 
and during the transition to the inert movement at the end of the run. In other cases when 
the dolphin emerged for inhalation-expiration the swimming velocity did not always 
decreased, and the local coefficient of resistance did not always increased, corresponding 
to the decrease in the velocity. However, such decrease-increase was always observed 
at the end of the dolphin’s swimming.

When the meter of shearing stresses was situated in the points at 0.41 and 0.781 at the 
distance from the dolphin’s nose the local coefficient of resistance in case of the dolphin’s 
movement at constant velocity was found to be by 4.7 times smaller in the point of 0.781 
than that in the point of 0.4/. Here, I is the animal’s body length. This fact will be explained 
somewhat later.

When the meter of shearing stresses was located directly on the fluke of the dolphin, 
we discovered that the pattern of streamlining was alternating and the values of the local
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coefficient of resistance were extremely unstable. This fact is easy to explain by the 
non-stability of the pressure gradient values in the fluke at different stages of the animal’s 
movement.

6.6. Transition of a laminar flow over of dolphin into a turbulent one

The phenomenon of the transition of a laminar flow into a turbulent one in the 
boundary layer of three dolphins was studied with the help of pressure pulsation 
meters and the shearing stress meters. They were fixed at the different points of the 
side surface of dolphin (at the right side). The pressure pulsation meters were fixed at 
100 cm from dolphin's nose and the shearing stress meters -  at 90, 120 and 150 cm.

Figs. 6.38 and 6.39 show a typical transition pattern at the distances 120 and 150 cm 
from dolphin’s nose. Fig. 6.30 shows analogous pattern at the point at the distances 100 
cm. In all cases transition is run at the instant of changing an accelerated dolphin’s 
swimming by swimming with constant velocity (or with the slowing down).

All patterns are characterized by initial part where shearing stress (or pressure pulsation) 
approaches to the zero. The lines of shearing stress off the horizontal axes when the 
velocity of flow over is near to 4 -  4.5 m s1. The transition time is different (0.4 s -  on the 
first pattern, on the second pattern the interval is much smaller and 0.8 s -  on Fig. 6.30).

After transition shearing stresses don’t remain constant even at a constant average 
velocity of dolphin. There are periodic changes of shearing stresses level due to the 
oscillations of dolphin body. These level oscillations correlate with flow over velocity 
oscillations. They are reflected in increasing and decreasing of impulse frequency of 
meter measuring the flow over velocity. These impulses are mapped on horizontal axis 
of mentioned above illustrations. There is one peculiarity common for the both illustrations 
(Fig. 6.38 and 6.39). Besides the stationary part (or quasi-stationary) of shearing stress 
there is also non-stationary part (pulsations). The existence of the non-stationary part

Fig. 6.38. The shearing stress in the boundary layer of dolphin at the distances 120 cm from dolphin's nose.

Fig. 6.39. The shearing stress in the boundary layer of dolphin at the distances 150 cm from dolphin’s nose.
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can be explained by the fact that sensor of shearing stress meter is rather small (5 x 1 0  
mm) and that's why it can register single pulsations which scale is twice bigger than one 
half of a sensor.

There are some important differences:
1. Non-stationary part of the shearing stresses (fig. 6.38) is much bigger than in the 

fig. 6.39.
2. Non-stationary part of the shearing stresses (fig. 6.38) is more low frequent.
3. Stationary part of the shearing stresses (fig. 6.38) is about twice bigger.
The characteristic feature found in the mentioned above experiments is that the 

transition in different points of animal body takes place at the same velocity. It means 
that the transition starts not at the rear part of the dolphin’s body as it usually happens on 
the solid bodies but at the medium part where the negative gradient of the dynamic 
pressure is the least.

There is one more peculiarity. The value of the local critical Reynolds number of 
transition depends on dolphin acceleration: the higher acceleration the higher critical 
Reynolds number of transition. At increasing of acceleration from 0.25 to 1.2 ms-2 critical 
Reynolds number of transition increases 1.9 times (fig. 6.40).

The mentioned above results allow us to make a conclusion that at the acceleration 
of about 1 .5 - 2  ms'2 the critical Reynolds number of transition equals to 1.2.107.

Fig. 6.40. The value of the local critical 
Reynolds number of transition vs. dolphin 
acceleration.
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6.7. Correlation measurements in the dolphin’s boundary layer

It is very interesting to consider correlation measurements in the boundary layer of 
the dolphin’s body. Such measurements permit estimating the pattern of turbulence, the 
scales of turbulent pulsations, the degree of their coherence. Our method of multichannel 
measurements of pressure pulsations in the dolphin’s boundary layer allowed us not only 
to effect an auto-correlation analysis but also a spatial-correlation one. It should be 
reminded that we measured the pressure pulsations simultaneously in three points of the 
transversal profile of the boundary layer when the pulsation receivers (sensors) were 
divided from one another by a minimum distance of about 6 mm (Romanenko, 1978). It 
was possible to alter the division distance from 6 to 48 mm. The measurements were 
taken when the dolphin moved with the velocity of up to 5 m s1.

Fig. 6.41 shows the auto-correlation function (within the frequency band of 80 - 850 
Hz) of pressure pulsations in the dolphin’s boundary layer at 1.2 m from its nose. The 
dolphin was weakly active and moved with the velocity of 4.5 m s 1. The horizontal axis 
demonstrates the time of delay. The pattern of the function testifies to the wide band of 
pressure pulsations. Indeed, if the interval of time between the zeroes of the function is 
considered as the interval of correlation, it is found to equal T0 = 4.1 O'3 s. In our case, the 
width of the useful signal band, estimated as l / r 0, approximates 250 Hz, which is in good 
agreement with the data from fig. 6.33 -  6.35.

The auto-correlation function also permits to assess the convective velocity in the 
boundary layer (the velocity of vortex transfer) which is connected with the correlation 
interval r() and with the radius of correlation d() by means of the relation

Л  — ^ 0
U ' - ~ Z -  (6.36)

‘'O

In our case, we roughly considered the width of the boundary layer, estimated as 1 - 
2 cm, as the radius of correlation. Then, with dn = 1 cm, we have U -  2.6 ms3, and with’ O ’ с 7

Fig. 6.41. Auto-correlation function (within the frequency band of 80 - 850 Hz) of pressure pulsations in 
the dolphin’s boundary layer at 1.2 m from its nose.
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dQ = 2 cm, the value of f/ = 5.2 m s 1. This value fairly well agrees with the measured 
velocity of 4.5 ms'1. However, we should bear in mind that the velocity of vortex transfer, 
which in the first approximation can be thought to coincide with that of the on-running 
flow, seems to be easier measured than the width of the boundary layer. Then it seems 
more feasible to employ the relation (6.36) for assessing the width of the boundary layer 
(or, to be more exact, of the radius of correlation) when the values of Uc and TQ are 
known. The calculations demonstrate that in our case dQ -  1.8 cm. It goes without saying 
that such estimates are not very accurate. Nevertheless, if we want to find the trends of 
changes in the values under measurement when the animal’s swimming regimes change, 
such estimates may prove to be extremely useful.

Fig. 6.42 shows our measurements of the transversal spatial correlation R(0,0,Q in 
case of the dolphin’s inert motion.

The horizontal axis in this Figure demonstrates the mean frequencies of the 1/3 octave 
bands of the analysis. The vertical axis presents the value R(0,0, £) when the receivers of 
pressure pulsation were separated by the distance of 6 mm, and the dolphin’s motion 
velocity equal to 3.2 ms'1 (circles). The same graph (triangles) displays the value of 
correlation when the dolphin had a turbulizer, shaped as a rubber ring 5 mm thick, which 
was fixed in the area of the animal’s thoracic fins.

Fig. 6.43 presents the function of transversal correlation as depending upon the value 
of the division between the receivers of pressure pulsations. The analysis was effected 
within the 1/3 octave band of frequencies equalling 60 - 85 Hz.

Fig. 6.44 shows the transversal spatial correlation within the common frequency band 
as dependent upon the relation of the distance between the receivers and the width of 
the replaced boundary layer (the black circles). The same graph has a continuous line to

Fig. 6.42. Transversal spatial correlation R(0,0,Q  in the boundary layer on a dolphin in case of the dolphin's 
inert motion.
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Fig. 6.43. Transversal correlation as depending upon the value of the division between the meters of the 
pressure pulsations.

Fig. 6.44. Transversal spatial correlation within the common frequency band as depending upon the 
relation of the distance between the meters and the width of the replaced boundary layer on a dolphin (1) 
and a flat plate (2). (Based on data Willmarth, Wooldridge, 1962).

show the data of W. W. Willmarth and С. E. Woolbridge (1962) for the case of a turbulently 
streamlined flat platelet.

The displayed results once more confirm that the streamlining over a dolphin moving 
by inertia prove to be purely turbulent within the Reynolds numbers from 2.106 to 5.5.106, 
which correspond to the point where the meters of pressure pulsations are situated.

As it was shown above, a considerable negative gradient of pressure is formed on the 
body of an actively swimming dolphin. This gradient causes essential changes in the fine
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structure of the boundary layer: its level is declining and the spectrum of pressure pulsations 
gets altered. When the dolphin moves by inertia, the structure of the boundary layer on 
the animal’s body is the same as that on the rigid body. These results permit to make a 
very important conclusion that the shearing stresses and the local resistance coefficient 
in different parts of the dolphin's body depend upon the regime of the animal’s swimming.

6.8. The verification of the hypotheses for a dolphin’s skin breathing

Among the hypotheses for explanation for the Gray’s paradox there is a further 
hypotheses for possible role of a dolphin’s skin breathing in total expenditure of energy 
(Tinyakov, Tchumakov, Sevastyanov, 1973). This hypotheses was verified by an 
experimental approach (Darholz, Romanenko, Sokolov, 1978). In experiments three 
dolphins (Tursiops truncatus) were used which were kept in the pool (12.5 x 6 x 1.2 m).

The intake of oxygen by the dolphin’s skin was measured by vary in concentration of 
oxygen in the water which was held in a special chamber. The mbber cylindrical chamber 
(680 cm3) was constructed with the metallic bottom. The chamber bottom had built-in two 
rubber tube to fill and empty. The chamber was cemented to the dolphin’s skin. A concentration 
of oxygen in the water was measured by the Winkler method (Polyakov, 1950; Minkh, 1971). 
Early in the experiment water level in the pool was lowered to 20 -  25 cm for the purpose of 
the baring of a back skin and decrease of mobility. A chamber was fixed either on the back 
(dolphin N 1 and N2 - fig. 6.45) or on the dorsal fin (dolphin N 3 - fig. 6.46). The water level 
in the pool was raised to 35 -  40 cm. During the experiment the samples of the water were 
withdrawn from the chamber and from the vessel in which the water was contained to fill the

Fig. 6.45. A chamber position on the dolphin back.
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Fig. 6.46. A chamber position on the dolphin dorsal fin. I - dorsal fin, 2 - chamber, 3 - rubber tubes, 4 - 
thermometer, 5 - the junction of chamber and dolphin skin.

chamber. The difference in quantities of oxygen in the control and experimental samples was 
measured. Duration of the expositions was 15 -  20 min.

To estimate the metabolism level in the rest data of works were used (Karandeeva, 
Protasov, Semyonov, 1970; Karandeeva, Matisheva, Shapunov, 1971; Kolchinskaya, 
Karandeeva, Mischenko, Shapunov, Matisheva, Stepanov, 1971) about the intake of oxygen 
by one kilogram of the dolphins (at 21 - 23°C).

Table 6.4 shows the results of experiments. Here I -  the dolphin’s length, S -  the total 
body surface area, P  -  dolphin’s mass, n -  a number of the experiments, T'C -  temperature 
inside the chamber.

Dolphin
number Z,m S,m2* T,kg** Standard metabolism 

21-23°C. ml Cb/h*** n 7 ° c % of standard 
metabolism

No. 1 2.45 2.1 165 42960 6 18.5 0.36
No. 2 1.9 1.25 80 21070 11 17.8 0.37
No. 2 1.9 1.25 80 21070 5 14.5 0.1
No. 3 2.15 1.6 150 39060 12 13.8 -0.04

* Calculated (Lang,1963)
** Culculated (Zenkevitch, 1952)
*** Calculated (Karandeeva at al., 1970, 1971; Kolchinskaya at al. 1971).

Table 6.4. The intake of oxygen by the dolphin skin.
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One can see that the role of a dolphin’s skin breathing in total expenditure of energy 
is negligible.

Brief conclusions

This chapter presents all the original experimental researches on dolphin kinematics 
and hydrodynamics. The most of the obtained results are pioneering and till now they 
have not been repeated. The main value of the obtained results is that they prove the 
existence of some adaptation mechanisms, which give the dolphin an opportunity to 
increase critical Reynolds number, decrease the hydrodynamic friction drag and have 
high efficiency propeller.
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CHAPTER 7. EVALUATION OF DOLPHIN’S 
HYDRODINAM IC CHARACTERISTICS ON THE BASIS 

OF M EASURED KINEM ATICAL PARAMETERS. THEORY
AND EXPERIM ENT

7.1. Estimate of theoretical distribution of the dynamic pressure on 
dolphin’s body surface in comparison to experimental data

In ch. 3 we discussed mathematical models of the mechanism, which generates the 
dynamic pressure (and its gradient) on the body of active swimming fish and dolphin due 
to undulation of the animal body and due to fluke oscillation. Now, having the experimental 
data on the dolphin’s kinematics (see ch. 6), let us numerically estimate the dynamic 
pressure gradient on dolphin’s body and compare it with the experimental data.

7.1.1. The dynamic pressure caused by the body undulation

In chapter 3 we obtained expression (3.4) for the instantaneous value of the dynamic pressure 
gradient on the body of active swimming dolphin normalized on dynamic pressure. Here it is:

=  4 { v A ( i - 4 s i n 2 e „ ) + 4 j Р ™ в »  r f ( « 4 ) 1 1

pU~ dx U~ [ dx dx R dt

Here U is the velocity of the dolphin movement. To measure its value is relatively easy. 
p  is the density of water. Its value is known. R(x) and (90, are the cylindrical coordinates, 
which define the point where the pressure gradient is estimated. These values are the 
parameters of the counting and they can be presented in every case. R is the radius of 
dolphin body. Table 7.1 contains the values of the dolphin body half-size along dorsal 
direction. These sizes we use as a body radius. The velocity of the transversal movements 
of the body v is the argument of this evaluation. It can be defined on the base of the 
known law of the body alteration. It was showed earlier (Yanov, 1997) that the expression

Table 7.1. Values o f the dolphin's body half-size along dorsal direction 
(00 = 0).

x, m R(x), m
0.8 0.2
1.0 0.19
1.2 0.17
1.4 0.155
1.6 0.14
1.8 0.125
2.0 0.1
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(7.2) is the best approximation for the experimentally measured amplitude function of 
the body oscillation (U = 3.12 m s'1)

7 ч /M i Л Л 2 1 Г f k  Л r чл]
h(x,t) = ht 0 .2 1 -0 .6 6 -  + 1 .1 -  + 0 .3 3 -  sin terf- —  ln[l + lb(x/l)\l (7 2)

L v  J  v 1J \l )  J I v b J  J '

We assume that the phase velocity of the propulsive wave linearly increases along 
the dolphin body from its head to tail. This law is established experimentally as a first 
approximation in the work of Romanenko (1981) and it agrees with the averaged trend 
remarked by Yanov (1997). We use this law of body alteration for the evaluation of the 
dynamic pressure gradient, which forms on the dolphin’s body while active swimming.

Fig. 7.1 shows the results of the calculation of the minimal 1 and maximal 2 values of 
dynamic pressure gradient on the lateral side of the dolphin’s body (0Q = it/2 and 90 = Зл/2), 
which is normalized by the value of the dynamic pressure plf-fl. These values of the 
gradient are reached twice on a period of oscillation. The calculation was performed 
under the values of cinematic swimming parameters cited in the bottom line of table 7.2 
and under the constant swimming velocity of 4.3 m s'1. We suggest that expression (7.2) 
is correct for this velocity. We can see that the maximal values are near zero, and 
minimal values are of significant negative values. The current instantaneous values of

U, m s'1 d U  /  d t , ms'2 I, m h,ll f  Hz b0, m '1

1.5 2.6 2.24 0.18 1.46 0.55

4.3±0.07 0 2.24 0.11210.004 2.22 0.2310.07

Table 7.2. Kinematic parameters of a dolphin Tursiops truncatus. For explanations of variables, see text.

Fig. 7.1. Minimal (1) and maximal (2) values of 
dynamic pressure gradient on the lateral side of the 
dolphin’s body (60 = n/2 and в0 = Зл/2).
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the pressure gradient on the undulating body of a swimming dolphin are restricted by 
these margins.

Fig. 7.2 shows analogous results of the calculation for the dorsal side of dolphin body 
(<9() = 0). The same picture takes place on ventral side of dolphin body.

Data from fig. 7.1 and 7.2 do not take into account the shape of dolphin body 
characterized by a certain distribution of dynamic pressure and of its gradient. In the 
work of Alekseeva and others (1968) there was shown the computational technique 
which allows to calculate the pressure distribution on the bodies of revolution similar to 
dolphin’s body and there were also shown the results of the calculations.

Fig. 7.3 shows the distribution of dynamic pressure gradient on the bodies of revolution 
similar to dolphin’s body, normalized by the value of dynamic pressure pt/72. The body of 
revolution is considered to be in the water flow, whose velocity is equal to dolphin’s velocity.

Fig. 7.4 shows the aggregate distribution of the dynamic pressure gradient on the 
lateral side of dolphin’s body caused by the body shape and by oscillatory motion of the 
animal. It is true for the swimming modes, whose parameters are shown at the top and 
bottom lines of table 7.2. According to Yanov (Yanov, 1997) the first approximation of 
the amplitude function of accelerated motion is

= 0.27-0.58^(4+0.з(4 (7 3)
h I I  I ' y }! i t  I  I  1 \  1

Fig. 7.2. Minimal (1) and maximal (2) values of Fig. 7.3. Distribution of dynamic pressure gradient
dynamic pressure gradient on the dorsal side of the on the bodies o f revolution similar to dolphin’s
dolphin’s body (ва = 0). body.
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Analogous aggregate distribution of the dynamic pressure gradient on the dorsal side 
of dolphin’s body is shown in fig. 7.5.

Let us compare the results of calculation and the above mentioned experimental 
data. To this effect let us overlay fig. 7.4 and 6.27 from chapter 6 . The result is shown in 
fig. 7.6. We can see that the experimental data fairly correspond to the calculations. It is 
clear that the accelerated motion forms greater pressure gradient. The character of the 
calculated curves in fig. 7.6 leads to some important conclusions. The negative gradient 
of dynamic pressure reaches significant values at the head and at the tail of the animal 
body while at the middle part of the body it is comparatively small. It means that favorable 
influence of the negative gradient of pressure on the boundary layer must be notable 
mostly at the head and tail parts of the body. In this case the turbulization of boundary 
layer can start from the middle part of the body, where the pressure gradient is near 
zero. However in case of the flow around rigid bodies the turbulization arises on the rear 
part of the body. The situation, when the flow at the middle part is turbulent and the flow 
at the head and tail is laminar (or almost laminar), is possible. This can take place when 
the constant velocity swimming alters to greatly accelerated movement. There are some 
experimental facts, which prove the possibility of this situation.

1. The observations and sketches made by W. E. Evans and L. A. McKinley from a 
catamaran with an underwater cell. They saw the group of Pacific dolphins, swimming 
in phosphorescent water. These observations and sketches are described in the book of 
Wood (1979). Fig.7.7 shows these sketches. The light areas on the dolphin body correspond 
to turbulized boundary layer. We can see that turbulization covers the middle part of the

Fig. 7.4. Aggregate distribution of the dynamic 
pressure gradient on the lateral side of dolphin's 
body caused by the body shape and by oscillatory 
motion of the animal.

Fig. 7.5. Aggregate distribution of the dynamic 
pressure gradient on the dorsal side of dolphin's 
body.
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Fig. 7.6. Comparison of the results of calculation 
and the experimental data: 1 -  3 - the results of 
calculation, 4 - 6  experimental data. 7 ,8 -  dynamic 
pressure caused by the tail fin oscillation.

Fig. 7.7. Sketch made by W. E. Evans and L. A. McKinley from a catamaran with an underwater cell. It shows 
the group of Pacific dolphins, swimming in phosphorescent water. (Redrawn from Wood, 1979).

body, and on the fore part and tail stem we can see some dark areas, which correspond 
to laminar flow. We can see there that the upper and lower parts of the body are distinctly 
phosphorescent. It means that there are the narrow areas of turbulization on the ventral 
and dorsal sides of the animals. This fact also suits the above-cited calculations.

2. The results of shearing stresses measuring at the body points 0.4/ and 0.78/ (see 
ch. 6) show that the local resistance coefficient at the first point is 4.7 times greater than
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the one at the second point. There can be only one explanation of this fact: the level of 
boundary layer turbulization at the second point is less than the one at the first point. It 
fits the above-cited results very well.

Earlier (in ch. 3) we adduced the experimental data on measuring of the dynamic 
pressure distribution on a fish body while active swimming (Dubois et al., 1974). These 
data prove that although in dolphin the negative gradient of pressure arises on the lateral 
side of the body, in fish it arises on dorsal side. It is caused by the difference between the 
planes of undulation, which is horizontal in fish and vertical in dolphin.

In ch. 3 we also discussed the possibility of the opposite transformation of a turbulent 
flow to a laminar one when the values of the negative gradient of dynamic pressure are 
great enough. This transformation is possible when the values of the form parameter 
B=-(2h-3)-10‘6. Estimates show that opposite transformation is possible on the dolphin 
body interval 0.7 <x/i < 1 while active swimming mode, which corresponds to the second 
line of table 7.2.

7.1.2. Dynamic pressure caused by the fluke oscillation

In 1936 James Gray, who was an English zoologist, hazarded a conjecture that high 
energy efficiency of cetacean swimming, and of dolphin swimming in particular, is 
determinated mainly by the stabilization of the laminar flow during active motion. He said 
that the existence of the negative gradient of dynamic pressure along the body of the 
animal, while it swims actively increases the Reynolds number of the transformation of 
a laminar flow into a turbulent one. This gradient is caused by the suction effect of the 
tail fin. The following studies of the hydrodynamic features of dolphin and fish motion 
(Romanenko, 1980a, 1981, 1986a, 1994) show that there are two reasons for the negative 
pressure gradients formation. In addition to the suction effect of the propulsive part, 
there is a redistribution of pressure caused by the undulating body movement when the 
amplitude and phase velocity of propulsive wave increase from head to tail fin. At the 
same time it isn’t completely clear till now how the tail fin effects flow formation.

In ch. 3 we discussed the mathematical models of two possible mechanisms of the 
dynamic pressure gradient formation on dolphin body caused by the fluke oscillation. 
The first one is caused by the vortex wake following the fluke edge, and the second one 
is caused by the additive field of velocities, induced by the oscillating palm treated as a 
dipole (Pushkov, Romanenko, 2001).

We use the expressions from ch. 3 to obtain the numerical estimates with the 
kinematics parameters that were measured in the experiments on dolphin. The first 
mechanism gives us the expressions of induced velocity component along the horizontal 
axis. One of these expressions gives the value of the component at the moment when 
the w ing, which is the tail fluke, passes through the axis OX, and the other gives the value 
at the moment when the bias from the axis OX is maximal. The first expression looks like
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It is easy to obtain the expressions for the induced velocity gradients by means of 
differentiation of the expressions (7.4) and (7.5) with respect tox-coordinate. In the first 
case we get
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and in the second case we get
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Using the expressions (7.7) and (7.8) we can evaluate with formula (7.6) the dynamic 
pressure gradients, caused by vortex lines along dolphin body. The necessary kinematics 
and morphometric parameters of dolphin (Tursiops truncatus) fluke are cited in chapter 
6 and in table 7.3. In table 7.4 there are given some values necessary to evaluate the 
pressure gradients which were calculated with corresponding expressions from chapter
3. Fig. 7.8 shows the values of the dynamic pressure gradients (1 and 2). These values 
are calculated with formula (7.6) and depend on the distance between the wing center 
and the position of observation point on the horizontal axis. We can see that the gradient
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I. nr R. m h /l S„ rrf U. ms*1 T, s a. rad Cv“
2.24 0.5 0.12 0.063 4.3 0.45 0.058 3.17 :

Table 7.3. Kinematic and morphometric parameters of a dolphin Tursiops truncatus. For explanations of 
variables, see text.

Г /0, m a, m (p. rad
0.088 0.39 0.55 0.51

values are of the same magnitude, but the first dependence is monotonic and the second 
dependence has an extremum. In both cases the part caused by the vortex wisp, which 
adjoin to the bearing line AB (see fig. 3.3 in ch. 3), obtain maximum (about 80%) at the 
point near the wing center. The farther point of observation from the wing center, the 
nearer parts caused by the all vortex wisps. They become of the same magnitude already 
at the distance of lm  from the wing center.

Now let us use the formulas, which we obtained on the base of the second mechanism 
model, handling the tail fin as an acoustic dipole (see ch. 3). There was obtained the 
formula for estimation of dynamic pressure gradient instantaneous value:

2 dp  6«5,15 Г со2hi  j  г.  _  = — h + — 4  cos" су/cos (7 .9)
pU~ dr г к  V U - fl K ’

Fig. 7.8. Distribution of dynamic pressure gradient
on a posterior part o f the dolphin’s body. The
designations are in the text.

Table 7.4. Additional parameters. For explanations of variables, see text.
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Let’s evaluate the dynamic pressure gradient value, which arises along the horizontal 
axis due to dolphin’s fluke. For this purpose let us use the kinematics and morphological 
parameters of the dolphin’s fluke from table 7.3 and the data from ch. 6, from which we 
derive that the angle #  between the fluke and the horizontal axis is near 45°. We shall 
estimate the maximal instantaneous negative value of the dynamic pressure gradient 
which corresponds to the moment when cos cot = 1. In this case formula (7.9) is rather 
simplified.

2 dp  3ccS!'5 Г7 co"/?,:
■“ТТУ— = ^ г С Т л  2 1 + ^ 7 ^ “ ■ (7.10)p U  dr r n  ^ y u  j

Sw im m ing ch arac te ris tic s , which are used for ca lcu la tions, are cited in 
tab le  7.3.

The dynamic pressure gradient instantaneous values 3, which are calculated according 
to formula (7.10), are shown in fig. 7.8. It is conspicuous that near the dolphin fluke the 
results of calculations, according to formulas (7.6) and (7.10) differ from each other. But 
in the distance of a few tens centimeters from the dolphin fluke the results of calculation 
practically coincide.

Let us compare the obtained estimates of dynamic pressure gradients along the dolphin 
body caused by the oscillating movement of the fluke with the estimates of the gradients 
caused by the body of dolphin and with the experimentally measured values, cited in the 
previous section of this chapter. Curves 7 and 8 of fig. 7.6 show the values of dynamic 
pressure gradients caused by the two mechanisms mentioned above. Curve 7, which 
corresponds to the fist of the considered mechanisms, shows results, obtained for the 
case when the dolphin fluke crosses the horizontal axis. The case of the maximal deviation 
of fluke from the horizontal axis is not shown in the figure because the estimates in both 
cases are of the same magnitude. We can see that the pressure gradients near the 
middle part of body and near tail stem caused by the tail movements are negligible with 
respect to the gradients caused by the dolphin body. The pressure gradient becomes 
observable only near fluke. Perhaps, the approach flow around the fluke is defined by 
the locally formed dynamic pressure gradient.

So, the Gray’s hypothesis of the decisive influence of the sucking action of the fluke 
on features of the flow around dolphin body does not agree with the facts. This hypothesis 
seems to be true only with respect to the flow about the fluke.
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7.2. Thrust, hydrodynamic drag and coefficient of efficiency

The hydrodynamics of dolphin has been an object of the scientists’ attention for many 
years. The main point is whether dolphin has mechanisms to decrease the drag while 
swimming when Reynolds numbers (Re) are greater than the critical one. J. Gray assumed 
(1936) that there is such a mechanism, connected with the formation of the favorable 
(negative) dynamic pressure gradient on the dolphin body while active swimming. Several 
more hypotheses were proposed later: it was supposed that the dermal integument causes 
some damping action (Kramer, 1960; Babenko, 1972), and that dermal and ocular discharge 
decreases the drag (Uskova and others, 1975).

Also there are the researchers, who think that there are not any mechanisms of 
decreasing active swimming friction drag. They think that a dolphin has a sufficient 
power to maintain real swimming velocity. This conclusion was usually based on the 
estimates of thrust and drag coefficient with the wing theories (both stationary and non- 
stationary) and the measured kinematical parameters of animal swimming (Webb, 1975; 
Yates, 1983; Fish andHui, 1991; Fish, 1993). Fig. 7.9 from the work of Fish, 1993, shows 
that the greater part of the obtained values of the drag estimates exceed greatly the

Fig. 7.9. Comparison of cetacean drag coefficients estimated from hydromechanical models based on kinematics 
and rigid bodies. Drag coefficients are plotted against Reynolds number, Re. Open circles represent depth- 
corrected drag coefficients for Tursiops truncatus from Fish (1993). Other symbols represent Delphinus 
delphis (1 and 2), Lagenorhynchus obliquidens (3 and 4), Phocoena phocoena (5), Phocoenoides dcdli (6), 
Sotalia fluviatilis (7), Stenella attenuatci (8) and Tursiops truncatus (9). Open symbols represent values of 
drag coefficient estimated using hydromechanical models based on swimming kinematics; filled symbols 
represent values obtained from gliding or towing experiments. Data are from Lang and Day bell (1963), Lang 
and Pryor (1966), Purves et al. (1975), Webb (1975), Aleyev (1977), Chopra and Kambe (1977), Yates 
(1983) and Videler and Kamermans (1983). The solid line (10) represents the minimum drag coefficient 
assuming turbulent boundary conditions; the broken line (11) is for minimum drag coefficient assuming 
laminar conditions. (Based on data by Fish, 1993, with permission).
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values of drag of laminar flow 11, and even the values of drag of turbulent flow 10. 
However, we ought to note there are two reasons why this estimation can not be a 
foundation for the final conclusions. The first is that this estimation method is indirect, 
and the second is that this estimation method uses many roughly measured parameters. 
It means that the resultant error can be heavy and lead to unpredictable results. Further 
we will give an example of it. Only direct measuring of the boundary layer parameters 
(the level of velocity or pressure pulsation, tangential stresses, the distribution of 
hydrodynamic pressure along the body of dolphin) can be acceptable (see ch. 6). Only 
direct measures permit to estimate the hydrodynamic features of dolphin (such as the 
thrust and resistance coefficient) correctly. But even indirect estimation of the thrust 
generated by dolphin, implemented under the correct accounting of all assumptions, can 
lead to the conclusions, which are opposite to those in the cited works. To illustrate this, 
let us analyze the works of Webb, 1975; Yates, 1983 and Fish, 1993.

7.2.1. The thrust

Webb (1975) evaluated the thrust coefficient (C7) of an active swimming dolphin on 
the base of the small amplitude stationary theory of wing (Parry, 1949) and of the two- 
dimensional non-stationary theory of wing (Lighthill, 1969, 1970). Fish (1993) and Yates 
(1983) evaluated the coefficients of thrust and drag on the base of the non-stationary 
three-dimensional theory of the half-moon wing (whose aspect ratio is equal to 8), which 
performs small oscillations (Chopra and Kambe, 1977). The estimates of the thrust power 
of the three dolphin species are shown in table 7.5. These estimates are cited in the work 
of Webb (1983). They are based on the stationary low-amplitude theory of wing (Parry, 
1949).

We can see that calculated power of the three dolphin species, presented by the 
figures of the last column without brackets, exceed the theoretical values correspondingly
6.3, 9.4, and 16 times. The theoretical values of the thrust power are calculated with 
formula

Species L U n EU s B (EU)T EU/(EU)T
(cm) (cm/s) (s'1) (erg/s) (cm2) (erg/s)

Delphinus
baircli 170 430 1.8 8.96(0.3). 109 11560 1.42.1 O'2 6.3(0.21)
Phocoenoides
dalli 200 430 2.1 18.0(1.1).109 16000 1.91.109 9.4(0.57)
Lagenorhinchus
obliqidens 204 554(518) 3.9(2.8) 61.8(1.8).10y 16646 3.96(3.0). 109 16(0.45)

Table 7.5. Calculations of swimming power output of three cetaceans from the quasi-static proposed by 
Parry (1949), and a comparison with theoretical frictional drag power (without brackets). (Based on data by 
Webb, 1975). For explanations of variables, see text.
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EU  = Cft pS^  , (7.11)

Here U is the speed of dolphin swimming, SB is the wet surface of the body, p  is water 
density, С is theoretical turbulent friction coefficient, E  is thrust. Calculations of the 
thrust power were fulfilled with the thrust formula from the work of Parry, 1949, multiplied 
by the velocity U,

EU  = 0.0175L2[ /3 03^ Ln -0 .047  (7.12)

As analysis shows, that the values of the coefficients of this expression are defined 
with significant errors. To demonstrate it, let us represent this formula in general terms, 
without evaluations of the coefficients.

i f  1 1 ^
EU  = -  pAf U 'U 2aa xm v  -  -  C > ,2 —  -  Cap J . (7.13)

All denotations, which we use here (with the exception of U) are from the work of 

Parry, 1949: Ca = 2nA/(2+A), v = ns/U; C. . =0.023; n is the frequency of body oscillation;

s = 0.13L -  is the half-width of the fluke; A is aspect ratio, a is the fluke oscillation 
amplitude represented via the half-width of the fluke s, a ] is the maximal value of attack 
angle, a  is its current value.

Let us write the part of formula (7.12), which stands before the brackets, separately:

0.0175 L2U3 = pAJLPI 2. (7.14)

Here A = 0.034L2 is the summary two-sided wetted surface of the dolphin’s fluke. 
However, the thrust is formed by only one side of the fluke. Therefore we have to use 
the half-value of A .  This error made the result two times higher than it actually was. The 
incorrect evaluation of tail fluke square causes the wrong evaluation of its aspect ratio, 
which in its turn leads to the wrong value of coefficient Ca’

We can write initial expression for the first term of formula (7.12) inside the brackets as

0.38 Ln ,
— j j - -  = Caa xm v .  (7.15)

Parry (1949), who had no experimental data, used an arbitrary chosen amplitude of 
the fluke oscillation <zs=0.221L and angle of attack a x = 10°. Now these cinematic 
parameters of dolphin are well studied experimentally and published (at least for the
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Tursiops truncatus). So fluke oscillation amplitude can be represented as h = (0 .1±0.03)L 
(Fish, 1993). Here L is the length of the dolphin body. We can see that Parry used the 
amplitude, which was on average twofold larger than the real one. On the base of the 
experimental data (Romanenko 19860 and also ch. 6 of this book) we can suppose that 
the angle of attack of the dolphin fluke is 3.3° at most. So, having taken wrong values of 
the oscillation amplitude and angle of attack of the dolphin fluke, Parry overestimated the 
value of formula (7.12) sixfold.

Assuming that the wing is absolutely rigid we inevitably overestimate the value of the 
trust. In fact, the fluke of dolphin and especially its rear edge has some flexibility. The 
works by Katz and Weihs, 1979 and by Bose and Lien, 1989 showed that this flexibility 
decreased thrust by around 20%.

Two more adjustments. The tail stem of dolphin prevents formation of the suction 
force on some part of the leading edge of the fluke. The shape of a fluke differs from the 
rectangular form of the theoretical wing (Chopra and Kambe, 1977). These circumstances 
lead to the decrease of the thrust by 10% and 12% accordingly.

At all, Parry should not have used the uninvestigated kinematical parameters in the numerical 
coefficients to simplify the original formula of the wing theory. It will be more correct to use 
this formula in the most general appearance (7.13) without the numerical coefficients.

We have to note that the parameters of swimming speed and frequency of the tail 
oscillations in Lagenorhynhus obliquidens , which Yates used in his work (U = 5.18 ms~ 

n = 2.8 Hz) are taken from the work (Lang and Daybell, 1963) and differ from those 
cited in the work (Webb, 1975). We also used these values in our estimates (see table 7.5).

In addition to the parameters adduced in table 7.5, some adjusted parameters, needed

for calculations on formula 7.13, are shown in table 7.6. Parameter Ca was estimated 

_ In
with formula r n  ~ (Kozlov, 1979), which is more exact than the one used

л/ A" + 4 + 2

(2 .s’)2
by Parry (1949). Wing aspect ratio was estimated with A = -— — . Here s = 0.13L and 

S=AJ2 = 0.0178L2. Values of the form resistance coefficients Cp (this is Parry’s С )

Species A
C a

a. rad as/L c p F N^  correct •> Cf

Delphinus bairdi 4 3.88 0.058 0.12 0.02 10.8 0.00066
Phocoenoides dalli 4.6 4.12 0.058 0.12 0.019 26.6 0.00146
Lagenorhynchus
obliquidens 5.4 4.37 0.058 0.12 0.018 34.0 0.00131

Table 7.6. Some adjusted parameters and calculated thrust and frictional drag coefficient of three cetaceans.
For explanations of variables, see text.



350 Е. V. Romanenko. Fish and dolphin swimming

are taken from the work of Barstow (1939). The seventh column of this table shows the 
values of thrust, which had been calculated with formula (7.13) taking into account all 
adjustments. The results of calculations with this formula are adduced in brackets in the 
fifth column of table 7.5. In brackets in the last column there are relations between 
assessed and theoretical values of thrust. We can see that on accounting all the 
inaccuracies and assumptions, which had been made during derivation of the formula, 
the assessed values became notably less than the theoretical ones.

We must say some words about the original formula (7.13), which was used by Parry (1949) 
as a foundation. We have already noted before that it corresponds to the solution of low- 
amplitude stationary three-dimensioned theory of wing with presumption of harmonic function 
of attack angle. Comprehensive study of the fluke kinematics, described in ch. 6, shows that 
function of attack angle is not a harmonic function, unlike the angle between the fluke and 
horizontal axis which is harmonic. This fact lets us assume that the estimates with formula 7.13 
can be incorrect. This means that the assessments from the fifth column of table 7.5, which take 
into account the main detected errors, are not completely reliable despite of all adjustments.

Webb (1975) also adduces estimate of the thrust coefficient on the base of two- 
dimensioned nonstationary theory of wing (Lighthill . 1969, 1970). His estimates are 
adduced in the second line of table 7.7. There are also some additional parameters of 
dolphin swimming, which are absent in table 7.5. The value of thrust coefficient is 1.5 
and this is remarkable. This value is obtained from the plot, which is adduced in figure 9 
in the work of Lighthill, 1969 by using calculated values of feathering parameter в -  0.21 
and effective frequency о = 0.4 (these values are shown in the second line of table 7.7). 
But we have to remember that in this plot the vertical axis relates to the thrust coefficient

PCL , which is defined by the expression C r -  — . Here P  is the thrust, h is the
T (D h a

amplitude of oscillation, a is the half-chord of the wing. Using some simple transformations

(  2~P 1С —we can come to the conventional expression for the thrust coefficient Wo jj 2 ’
I J

variant A a в cr Ct s , EU EU
C}(cm) rad (cm2) ergs'1 (E U )T

Data from Webb (1975) 60 0.28 0.21 0.40 1.5 466 4.03.10"' 10.2

Data based on Lighthill
(1969) 50 0.66 0.91 0.66 0.13 466 0.32.101U 0.82 0.0019
Data based on Chopra,
Kambe (1977) 50 0.66 0.91 0.66 0.08 466 0.35.10w 0.87 0.0024

Table 7.7. Swimming parameters of Lagenorhinchus obliquidens (Based on data by Webb, 1975).
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f  OJ2C2 Y /г  ^
which is equal C ro = C r —  . Here c=2a is the chord of the wing. If we

take into account this circumstance, then the thrust coefficient is only 0.4 even with the 
above mentioned values of в  and a. Also this value is highly overstated because the 
feathering parameter is defined incorrectly. To obtain this value, we have to use formula

a U a
0  = « , / , •  < 7 1 6 )

which was proposed in the work by Lighthill, 1970. Here U is the speed of dolphin 
swimming, a  is the angle between the fluke and horizontal axis, h is the amplitude of 
oscillation, со = 2 n f f i s  the frequency of tail oscillation. Chopra and Kambe elaborated 
this formula in their work of 1977 to the following appearance

U tga

0  =  W A  ( 7 Л 7 )

Yates (1983) informs that there are no data on the angle between fluke and horizontal 
axis in the work of Lang and Daybell (1963) (We are sorry to say that this work is 
inaccessible to us). At the same time Webb (1975) calls this slope “the angle of attack” 
and adduces its value (0.28 rad). As we are interested in the slope of the fluke to horizontal 
axis (not in an attack angle) we assume after Yates (1983) that its value equals 0.66 rad.

_  U tga
Then the feathering parameter © -  is 0.91, not 0.21 as it is stated in the work by

toh
Webb (1975).

There is another ambiguity in the work by Webb (1975) concerning calculation of 

_ coc
effective frequency . The value of the chord, which is necessary for evaluation

of effective frequency, is not given in the works by Webb (1975) and Yates (1983). 
Consequently we took it from the work of Wu, (1971). There the chord is equal to 19 cm. 
Besides, we can see from table 7.6 that the twofold amplitude of tail oscillation is 60 cm 
(Webb, 1975), but Wu (1971) and Yates (1983), referring to the same work as Webb 
(Lang and Daybell, 1963), adduced the value 50 cm. In our works we also suppose it to 
be 50 cm.

If we bear in mind the above mentioned remarks on dolphin swimming speed and its

_ COC
body oscillation frequency, we will assume the value of effective frequency cr -
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equal to 0.65 instead of 0.40 as it is assumed in the work of Webb, 1975. Here с is the 
chord of the fluke.

Using the obtained values of effective frequency (0.65) and feathering parameter 
(0.91), we define the thrust coefficient with plots in fig. 9 (from the work of Lighthill, 
1969) and fig. 6 (from the work of Chopra and Kambe, 1977). In case of two-dimensional 
theory it is equal 0.13, and in case of three-dimensional theory 0.08. We can see that the 
thrust coefficient assessment from the work of Webb is overstated 12-19 times in 
comparison with these values. The relation between the assessment and theoretical 
thrust power, which is adduced in the last column of table 7.7, shows that the estimated 
power is less than the theoretical one.

Yates (1983) as well as Webb (1975) estim ated the thrust coefficient of 
Lagenorhinchus obliquidens dolphin on the base of the data on kinematics from the 
work of Lang and Daybell (1963) using conclusions of non-stationary three-dimensional 
theory of wing (Chopra and Kambe, 1977). Initial data do not differ very much from 
those adduced in the last rows of tables 7.5 (in brackets) and 7.6. The main mistake of 
Yates (1983) is that he used the angle of the slope of the fluke to horizontal axis while 
evaluating the feathering parameter, but actually he had to use the tangent of this angle. 
Table 7.7 contains the correct value of feathering parameter. With this value of feathering 
parameter, the plot in fig. 6 of Chopra and Kambe, 1977 and the value of effective 
frequency from table 7.6 we can easily obtain the thrust coefficient. It is CT = 0.08 but 
not 0.23 as it was stated by Yates, 1983. Thus Yates (1983) introduced a wrong estimate, 
which is three times higher than the thrust capability of a dolphin.

The work of Fish (1993) compares favorably with the above-considered works. It 
contains its own experimental data. But there is a serious error. Evaluating the feathering 
parameter, the author used the angle of attack of fluke instead of the tangent of the angle 
of fin slope to horizontal axis. Furthermore, the measured values of angle of attack 
adduced in this work are unlikely high. As a result, estimates in the work of Fish (1993) 
are overvalued about five times.

Adjusted data give us an opportunity for the following conclusions:
1. The values of dolphin thrust power, obtained with the consideration of all the above 

listed errors, sufficiently match the theoretical ones. In some cases they are much less 
than the theoretical ones.

2. All these results are very rough and relative, because they are based upon some 
low amplitude theoretical models, which are not quite correct. In particular, all theoretical 
models, which were considered until now, proceeded from an assumption that the angle 
of attack of the wing is harmonic. In dolphin it is wrong (see chapter 6) because in 
dolphin the angle of the fin slope is harmonic and the angle of attack is not. In addition, 
some assumptions, which are difficult or impossible to evaluate numerically, were not 
taken into account. These are the ambiguity of the pivot of dolphin fluke, the shortage of 
accurate data on the depth of dolphin swimming in the experiments, curvature of fluke,
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presumable character and significant spread in values of some parameters (angles of 
attack and slope of fluke to horizontal axis).

3. There is no information on error values of kinematic parameter measurements. 
This circumstance does not allow us to assess the validity of obtained results.

We ought to note, that there are theoretical models (Ahmadi, 1980; Lan, 1979), which 
differ from those used in the considered works. These models lead to rather different 
results.

We will estimate the thrust and drag coefficient of dolphin using the theoretical model 
considered in section 1.3.6 of ch. 1 and our own experimental data adduced in ch. 6. This 
model views dolphin fluke as a rigid wing going through linear and angular oscillation of 
high amplitude. Let’s estimate the thrust of a triangular wing. We will adduce here the 
main estimation formulas.

The general expression on time averaging thrust is

_ x  £ й _ 2т_  _wj,, , fog' _ Y V2 c o s# -C ,t/2cos#i „
2 [ b\^ pSbj  2 j . ( / . i o )

All involved expressions (averaged) in (7.18) are in the form

— 7 Г - . —П- 0 , v * 2 | \  y 2 Г, #,2 Т
V  -  V  У  i ------------------  1 —   1  — -------- ( п  1 q \•«' " у 2 8 24 ’ (7-19)
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, ,7.20)

    i    $;a)2x 2 Г t f V  Y
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2 8 24 ’L V J-i
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where the first terms at the right part of formula (7.19 -7.22) are:
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The virtual mass of the triangular wing (Romanenko, 1986 and ch. 5)

* p n b 2l
m  = --------- . (7.26)

6

In the shown above expressions:

Л
в  = arctg —   ̂ (7.27)

1 h.co
r  = 7 T ’ (7-28^л р 0

cob
5 /?o =  — , (7.29)

о
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ТТ2 TJ2 ( d h Y
и ?  = u 0 +  —  , (7.30)

\ d t )

li =  ht sin cot, (7.31)

Ua is velocity of dolphin moving. C “ , C “ , C p  are coefficients of hydrodynamic

b b
derivatives which are determined by Strouhal number Sh = ----  (see table 1.8), p  is the

U -

water density, co = 2 n f f \ s  the frequency of body oscillation, S t is the surface area of

one side of the fluke, b is the root chord of the fluke, I is the body length, and 6{ are the 
amplitudes of angle of fluke slope and its trajectory to horizontal axis. The factor к is 
added in formula (7.18) as compared with original formula from ch. 1. This coefficient 
considers some differentiation between the mathematical model and the real fluke of 
dolphin. It reflects the fact that the tail fin stem decreases thrust by approximately 15%. 
Besides, unlike the rigid wing, the fluke is flexible and this fact also decreases the thrust 
20% approximately. Taking into account all these qualifications we assume к = 0.68. 
Expressions (7.23) and (7.24) let us obtain the following expression. Although it is evident 
it is very important.

During the calculations we used by average value

We can with great fidelity consider the values of p, S t , b, С known or measurable.

We will use the speed U0 as a parameter.
Errors of estimates obtained with these formula depend on errors of measuring of the 

angles в у and other kinematics parameters (й, со).
We will use the results of angle measurements, adduced in ch. 6 . These results are 

represented as a plot in fig. 7.10. There are two groups of the experimental points. 
Through these groups there have been drawn two regression lines. One of them shows

J ~  ~  tg0| • (7-32)

fO 1(4 Л
T f %  T 7 + ' g  1 • < 7 3 3 )

v  p Ja v  V U J
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Fig. 7.10. R esu lts o f an experim ental 
investigation into kinematics of the dolphin's

fluke: the inclination of the fluke axis ( 0 j )

and the tangent of the fluke pathway ( )  

to the horizontal.

the angle of fin slope, and the other shows the trajectory of its movement. The equation 
of trajectory slope angles line looks like

0, = (5 0 .1 -2 .0 2 5 7 /) (7.34)

and the equation of the line of fin slope angles looks like

= (47 -  2.07(7). (7.35)

Considering that formula (7.34) and (7.35) were got during the experiments on dolphins, 
which average length of the body equal Im = 2.24m, let’s show them as a formula:

0, = 5 0 .1 -4 .5 4  YY, (7,36)

= 4 7 - 4 .6 3 “ . (7.37)

Using these equations we can easily calculate the values of the corresponding angles 
for a particular speed of swimming and also the values of attack angles. The results of 
calculations are represented in table 7.8 with one standard error.

U, ms 1 0i, deg 0,. deg oil, deg
2.2 4 2 .5 + 0 .7 45.6 +  0.5 3.1 +  1.2

4.3 38.1 +  0.7 4 1 .4 + 0 .5 3 .3 +  1.2

Table 7.8. Measured values of an inclination angle (0  ), attack angle ( a  ) of the dolphin’s fluke and a 
trajectory slope angle {Qx).
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To calculate the trust with formula (7.18) -  (7.29) it is necessary to know some 
kinematics and morphometric parameters of a dolphin. These parameters are shown in 
table 7.9. Water density is considered equal 1016 kgm 3 as it is in the Black Sea.

The second column of table 7.10 shows the obtained values of thrust.
Before analyzing these results, let us estimate the thrust on the base of the theoretical 

model from the work of Chopra and Kambe (1977). This model according to our opinion 
is the most advanced. The values of effective frequencies, which are necessary for 
estimating, are given in table 7.8. The sense of these values coincides with that of Strouhal 
number. The feathering parameter can be written (following Chopra (1976)) as

0  -  T iT  ■ (7.38)

The results of calculation of the feathering parameter with formula (7.38) and the 
data from table 7.9 practically coincide, i.e. 0.9 and 0.89 for the swimming speeds 2.2 
and 4.3 ms'1 correspondingly. If we know Strouhal numbers and the feathering parameters, 
we can graphically define thrust coefficients with plots in figure 6 from Chopra and 
Kambe (1977). But this procedure is sophisticated. We will gather all the data in the 
separate table, and trace the stages of the thrust coefficient evaluation step by step. The 
first column of table 7.11 shows the speeds to estimate. The second column shows the 
values of Strouhal numbers (effective frequencies), the third and the fourth show angles 
of slope of trajectory and fin. The fifth column shows values of feathering parameter. 
The sixth column contains the values of thrust coefficient, which are obtained from the 
plot В 1 of fig. 6 of the mentioned work. Here the pivot is located at the distance 0.8 of 
the chord from the leading edge, the feathering parameter is 0.8 and efficient frequencies 
are adduced in the table. There is no line for the feathering parameter value of 0.9 in fig. 
6 . But there is an indication (Chopra, Kambe, 1977) that if feathering parameter equals

U, m s'1 I, m S , ,  m 2 Sb, m b, m h/1, f  Hz
2.2 2.24 0.063 2.226 0.19 0 .112±0.004 1. 110.11
4.3 2.24 0.063 2.226 0.19 0 .112±0.004 2.2210.11

Table 7.9. Kinematic, hydrodynamic and morphometric parameters of a dolphin. For explanations of variables, 
see text.

u, T, К KT, K(T+2a), K(T-2a), Q Сi+2 a Cr 2 a
m s'1 N N N N
2.2 9.0 1.1 9.9 27.3 0 0.00102 0.00363 0
4.3 57.0 1.25 71.3 143.1 0 0.00233 0.00515 0

Table 7.10. Estimation of the thrust and frictional drag coefficients for the dolphin. For explanations of
variables, see text.
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to 0.9 then thrust coefficient is twice less than the coefficient, which corresponds to 
parameter value of 0.8. The seventh column contains updated values of thrust coefficient 
for the feathering parameter values of 0.89 and 0.9. There is another important indication 
on dependence of the thrust on ratio of oscillation amplitude to chord of a wing in the 
mentioned work. The authors believe that thrust must be calculated with the formula

„  ^  f  h, ) 2 p S , U 2
7  = C r -  — — , (7.39)

I е» J
However, it is shown in the work of Zaitsev and Fedotov (1986) that the dependence 

of thrust on the fin oscillation amplitude is not strictly quadratic. The exponent of relative 
amplitude in formula (7.33) has to be 1.33, when Strouhal number is 0.63, and 1.52 when 
Strouhal number is 0.7. The eighth column contains the values of thrust for the wing В 1, 
which are given by formula (7.39) with accounting these exponents. The ninth column 
contains the values of thrust for the wing B2, where the pitch-axes location coincides 
with its rear edge. But we must consider the thrust, which was calculated like this, 
overstated, because the differences between the theoretical model and a dolphin fluke 
were not taken into account. These differences are: influence of the tail stem on suction 
force, flexibility of the fluke, the smaller aspect ratio of the fluke in comparison with the 
aspect ratio of the wing, the shape of the fluke, which is not rectangular.

If we take into account all these differences, we’ll have to multiply the values of 
thrust from the eighth and ninth columns by factor 0.51. Updated values of thrust are 
adduced in the second and third columns of table 7.12.

U, ms'1 Sh 0i, rad 0i, rad
0  -  tg^'

Cr Cr T, N T, N

tge i at 0  =  0 .8 at 0  = 'S,,>
tgO  1

wing wing

B1 B2

2.2 0.7 45.6 42.5 0.9 0.17 0.085 22.3 25.4
4.3 0.63 41.4 38.1 0.89 0.14 0.077 72.3 86.4

Table 7.11. Estimation of the thrust on the base of the three -  dimensional theory of wing (Based on data by 
Chopra and Kambe, 1977).

U, m s'1 T, N К KT, N ..........._________
wing B1 wing B2 wing B1 wing B2 wing В 1 wing B2

2.2 11.4 12.9 1.1 12.5 14.2 0.00084 0.00115
4.3 36.9 44.1 1.25 46.1 55.1 0.00078 0.00122

Table 7.12. Estimation of the frictional drag coefficients on the base of the three -  dimensional theory of wing 
(Based on data by Chopra and Kambe. 1977).
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7.2.2. Distribution of thrust force and thrust along dolphin’s body

When fish or dolphin actively swims, propulsive wave, which spreads along the animal 
body from its head to its tail, forms the thrust. In this case, as the theory of thin body 
concludes, conditions of the tail fin movements are the most essential for the thrust 
formation. However, this statement is correct only if there is no disruption of the vortex 
wake along the rest of the body. There are some experimental data and observations 
(Romanenko, 1986a), which show that the boundary layer on a dolphin body is turbulized 
to a great extent. Sometimes the vortex disruption from the dorsal fin, from the chest fins 
and from other parts of body behind the middle is observed (Wood, 1979). In this case 
conditions of the flow around the body vary and therefore the mechanism of the thrust 
formation varies too. The thrust can be produced not only by the tail fin, but also by the 
body movements. We need to keep in mind this circumstance while estimating of the fish 
and dolphin propulsive device efficiency.

Let us analyze two models of swimming: with and without the flow disruption.
The first theoretical models were developed by Lighthill (1960) and Logvinovitch 

(1970) in appliance to fish swimming, but they can also be applied to dolphin swimming. 
These works were analyzed in detail in chapter 1 of this book (also see fig. 1.18). That 
is why we adduce here only the final expression for the thrust:

Э/Л2 2Г Э/г 42
2 ydt j Д  J ’ (2.40)

J  x= l

Analysis of this formula shows that in the discussed variant the thrust is formed by 
only the tail fin. The body does not bring any component to the whole thrust. The thrust 
value is defined by cinematic parameters of the tail fin (more accurately, of the edge of 
the tail fin) and does not depend on the law of deformation of animal body.

Now let us discuss the model of dolphin swimming with vortex wake separation on 
the range of dolphin body from its maximal section to minimal section in the tail region. 
Wu (1971) solved this problem. He obtained the following expression for the thrust:

7 1 j A dhfi  = —  —u  —  -
2 dt dxLA z V /  J  x=i

- i j f f  *  f  } / a M d x = f i + f i {1M)
2 о v J Д  j дк
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The first term coincides with the expression (7.40), obtained by Lighthill (1960), the 
second term is caused by the separation of the vortex wake at the body range 0 < л < 1 
(see fig. 1.20).

If we compare expressions (7.40) and (7.41), we can see that there is an additional 
force defined by the second term of expression (7.41). The sign of this force depends on 
proportion of the terms of the expression under the integral.

We can obtain expression (7.41) straightly on the base of the “penetrated layer” 
conception, developed by Logvinovitch (1970). In this case the second term has simple 
physical interpretation since it is defined by the rate to shedding of pulses Uv(x)dm(x) in 
the area behind the body middle: 0 < x  < 1.

At present there are quite enough data on kinematics of the dolphin swimming 
(Romanenko, 1986a; Yanov, 1990, 1997, 1998, Fish 1993) to evaluate forces, which are 
formed by the tail fin and by the body alone (we can’t say it about fish swimming 
researches). To do it, we write some calculating equations in differential form.

The equation for the distribution of the thrust force along the dolphin body in Lighthill 
-  Logvinovitch variant is defined by
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Expressions (7.42) -  (7.48) involve cinematic parameters of dolphin swimming, which 
can be obtained only by experiment. These parameters are the amplitude function hQ(x), 
the cyclic frequency of the body oscillation со = 2nf, phase function t(x), U - speed of 
swimming, m(x) -  virtual mass per body length unit, dm/dx -  trend of the virtual mass 
along the body. The superscript used by Logvinovitch in his works is omitted here 
and below. All these experimentally defined cinematic parameters of dolphin swimming 
are most fully represented in chapter 6 and also in work by (Romanenko, 1986a). There 
are some data in works (Kayan and Pyatetsky, 1977, Kozlov, 1983, Yanov, 1990, 1997, 
1998; Fish, 1993). In particular, adequate empirical dependencies, which tie the frequency 
of the body oscillation to the speed of swimming, were adduced in the first three works. 
For our estimates we use dependence like that in the work of Kozlov (1983):
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\ _  К  ln 0 + box )
T[X) -  b • (7.51)

uo

Here kQ = co/U, Kn = Л,/Л, /;и and Л are the amplitudes of oscillations of the tip of the 
nose and the tail fin of dolphin correspondingly, b is a parameter, which characterizes 
dependence of the phase velocity of the propulsive wave on coordinate, у is the parameter 
that describes ascent of the amplitude function from animal head to its tail.

Numerical values of kinematic parameters are adduced in tables 7.13 and 7.14.
The values of m(x) adduced in table 7.13 are calculated with the expression from the 

work of Logvinovitch (1970)

m (x)=  p n R 2{x). (7.52)

Here R(x) is the cross-cut size of the dolphin body in horizontal plane, which is well 
known. It is adduced in the same table 7.13.

x, m R(x), in m(x), kgm '1 A m /Ax,kgm 2
0.1 0.02 1.27 102.0
0.2 0.08 20.4 250.7
0.3 0.127 51.4 301.0
0.4 0.159 80.6 253.5
0.5 0.179 102.1 209.0
0.6 0.196 122.4 152.5
0.7 0.204 132.6 44.5
0.8 0.203 131.3 -69.5
0.9 0.193 118.7 -140.0
1.0 0.180 103.3 -149.0
1.1 0.167 88.9 -148.5
1.2 0.152 73.6 -162.5
1.3 0.133 56.4 -164.5
1.4 0.113 40.7 -135.0
1.5 0.096 29.4 -104.0
1.6 0.079 19.9 -97.0
1.7 0.056 10.0 -76.5
1.8 0.038 4.6 -37.5
1.9 0.028 2.5 -10.5
2.0 0.028 2.5 0

Table 7.13. Distribution of a virtual mass and its first derivative along the dolphin's body.

U, m s'1 K„ b0. m '1 Y h fl
4.3 0.21 0.23 4.2 0.112

Table 7.14. Kinematic parameters of a dolphin Tursiops truncatus (7 = 2.24 m). For explanations of variables,
see text.
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This formula is correct under 0 < x  < 1. We have to make one more remark that till 
now we have analyzed only the forces, which are formed within the animal body excluding 
its tail fin.

We shall obtain numerical estimates for two modes of dolphin swimming with constant 
speed: with and without disruption of the vortex wake in body area 0 < x < 1. Both of 
these modes are characterized by cinematic parameters, which are adduced in tables 
7.13 and 7.14. To do this, we shall use the amplitude and phase functions, which are 
represented by expressions (7.50) and (7.51).

We have already estimated the value of thrust, which is formed by the tail fin of the 
dolphin. The results are adduced in tables 7.10 and 7.12. Let us use the data of the 
second column of table 7.10 for the speed value of 4.3 m s'1.
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The results of calculation in the case of flow around the dolphin without disruption of 
the vortex wake with formulas (7.44) and (7.45) are shown in fig. 7.11. Also the distribution 
of the consolidated value of the pulling force and suction force (dT + dT = dT ) is shown 
there along with the integral distribution of this value (Th). The value of thrust Informed 
by the tail fin has been calculated in accordance with the data of table 7.10. It is shown 
in fig. 7.11 for the point x = 2.24 m, which corresponds to the edge of the fin. The 
adduced results indicate that the component of the whole thrust produced by the body is 
negligible. It is less than 3% of the thrust formed by the tail fin. Nevertheless, we must 
keep in mind that this value of the thrust is nonzero, but it must be zero under disrupt-free 
flow conditions. This result was obtained by formal numerical integration (summation) of 
the distributed pulling and suction forces along the animal body. It is defined by the finite 
value of the virtual mass in the terminal point of the integration range and therefore, by 
the value of impulse, which gutters at the terminal point.

The results of calculations with formulas (7.44), (7.46) and (7.47) are shown in fig. 
7.12. We can see that the additive thrust is formed when the vortices come off the flow 
at the narrowing part of the animal body. This thrust can amount to 25% of the total 
thrust formed by the tail fin of a dolphin. The estimate fulfilled for the case, when dolphin 
speed equals to 2.2 ms’1, shows that the thrust formed by the animal body amounts to 
10% of the tail fin thrust. We cannot neglect this additive thrust when we estimate 
dolphin propulsive capabilities, and especially when we estimate its resistance coefficient.

Fig. 7.11. Distribution of the pulling, suction force 
and the thrust along the active swimming dolphin 
in the case o f flow around the dolphin without 
turbulization. The comments are in the text.

Fig. 7.12. Distribution of the pulling, suction force 
and the thrust along the active swimming dolphin 
in the case of the turbulent flow around the dolphin. 
The comments are in the text.
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7.2.3. Drag and efficiency coefficient

Here the coefficients C,, C2, C3, C4, C5, C6, characterize the drag friction, shape, 
and the fluke profile, inductive drag of the fluke, drag of the dorsal fin profile and 
chest fins profile drag. It is known that the drag of the body shape is about 0.22 of 
the friction drag of a rigid dolphin-like body (Droblenkov, 1960; Semenov, 1969). Let 
us consider the combine profile of the dorsal and chest fins drag equal to the dolphin 
fluke profile drag. Taking this into account we can write the following evident 
expressions:
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There is no coefficient of inductive drag of fluke C. in this formula and the numerical 
coefficient in the second term is changed from 2 to 1 because inductive and profile drag of 
the wing has been accounted in the model discussed in chapter 1. The estimates of friction 
drag coefficient, shown in the second column of table 7.10, are obtained with the help of 
this formula. When the speed value was 2.2 ms-1 we used corresponding value of the 
thrust from the second column of table 7.10, which was increased by 10% (shown in the 
fourth column), which corresponds to the results of preceding section (the coefficient К -  
1.1 from the third column). In the same way, for the speed equaled 4.3 m s1, the thrust 
value is increased by 25% (the coefficient К = 1.25). In the eighth and the ninth columns 
there are drag coefficients, which differ from those of the seventh column by twin standard 
error ±2o. We can see that the confidence interval two standard errors long, which ensures
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The values of the drag coefficients, which were calculated with formula (7.73) using 
the values of thrust from the fifth and sixth columns of table 7.12, are adduced in the 
seventh and eighth columns of table 7.12. As well as before, in formula (7.73) we used 
corresponding value of the thrust (the second column) increased by 10% for the speed 
of 2.2 m s'1 and increased by 25% (the third column) for the speed 4.3 ms-1.

The results of calculations of the drag coefficients from tables 7.10 and 7.12 are 
shown in figure 7.13. In addition, the corrected values of the drag coefficients of the 
three dolphin species (Delphinus bairdi, Phocoenoides dalli and Lagenorhinchus 
obliquidens) are plotted in this figure. These coefficients are calculated with formula 
(7.72) using data from table 7.6. Also, the corrected values of the drag coefficients, 
which were calculated using the thrust values from the third and fourth lines of the eight 
column of table 7.7, are adduced there. In the case of the two-dimensional theory of 
Lighthill (1969) the drag coefficient was calculated with formula (7.73), where there 
was also taken into account inductive drag of the fluke С = 0.008 (Bairstow, 1939), 
because the theory of Lighthill neglects the power loss due to this component of drag.



368 Е. V. Romanenko. Fish and dolphin swimming
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Fig. 7.13. Comparison of cetacean drag coefficients estimated from hydromechanical models based on kinematics. 
Drag coefficients are plotted against Reynolds number. Re. Symbols represent Tursiops trunccitus (1 -  values 
were calculated from formula 7.18); Tursiops truncatus (2 -  values based on the three-dimensional theory of 
Chopra and Kambe, 1977, for the wing В 1); 3 -  same for the wing B2; Delphinus bairdi, Phocoenoides dalli 
and Lagenorhynchus obliquidens (4-6 -  values were calculated from formula 7.13); Lagenorhynchus obliquidens 
(7 - values were calculated from two- dimensional theory of Lighthill, 1970); Lagenorhynchus obliquidens (8 
- values were calculated from the three-dimensional theory of Chopra and Kambe, 1977); The solid line (9) 
represents the minimum drag coefficient assuming turbulent boundary conditions; the broken line ( 10) is for 
minimum drag coefficient assuming laminar conditions.

The results are adduced in tables 7.7, 7.10, 7.12 and in figure 7.13. These results 
indicate that there is a significant spread of estimates of the friction drag, while the 
average is twofold less than the value under the turbulent flow conditions.

We’d like to say some words about an efficiency of a dolphin propeller. The plots 
from the work of Chopra and Kambe, 1977 can give some information on this subject. 
We regret to note there is no plot for the case of 0  = 0.9. Nevertheless, we can say that 
the efficiency is about 97%. As it was found in the work (Zaytsev, Fedotov, 1986), the 
efficiency is about 90%. However, the estimates in this work were made for the wing 
with attack angle of 10° and the angle of attack of the dolphin fluke is a third of it. It 
means that the efficiency is certainly more than 90%. Perhaps, it is enclosed in the range 
between 90% and 97%.
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7.3. Ultimate speed of swimming

Using advanced conception of the dolphin hydrodynamics we can estimate the ultimate 
speed of its swimming under the known elaborated power and compare it with the 
experimentally measured speeds.

We shall rely on the known relation (Kozlov, 1983), which connects the power 
elaborated by the dolphin with the time of swimming and mass.



370 Е. V. Romanenko. Fish and dolphin swimming

As the speed increases, drag under laminar flow and the drag of shape become sensible. 
At this stage we can write the equation of animal movement as

k2mS U  =ktmU (с, + С  ь (7.79)
at 2

Here С is the coefficient of friction drag under laminar flow conditions, С is the drag 
coefficient of the shape of body, which include also the profile drag coefficient of a 
dorsal fin (see previous section).

^  1.328
/ ;  =  V r T ’  c *  =  0 - 0 0 1 0 3  ( 7 ' 8 0 ^

Here

n U lRe = (7.81)
v

v is cinematic viscosity, I is length of animal body, p  is water density, Sh is the wetted 
surface of animal body, which amounts to 1.56 m2 for the dolphin having mass of 80 kg 
and length 2 m.

We do not consider the coefficient of the profile drag in formula (7.79) because 
power loss is already taken into account by the assumption, that the thrust is equal to the 
weight of the dolphin body. Indeed, when the dolphin stands on its tail, its tail fin works 
actively and a part of the thrust is spent on overpowering of the profile drag and the 
inductive drag of the fluke. The rest of the thrust generated by the tail fin supports the 
body in the upright position.

We obtain from expression (7.79)

—  = —  g -  0 .0087(7y f U -  0.0096(72 (7 .82)
dt /Tj

When the dolphin attains a certain speed, its power reaches the limit amounted to 
3000W. It happens at the speed U=3.06 m s1. We can find this value from the relation

T U = P  , (7.83)
m ax m ax
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Here the coefficient К  before the second term of the right part is less than 1. In this 
coefficient we take into account the fact that during active dolphin swimming after 
turbulization of the boundary layer the coefficient of the turbulent friction drag is less 
than the one of the rigid body of dolphin-like shape. It was shown above that this is 
explained by the big negative pressure gradient on the body of active swimming dolphin. 
It was proved by a direct measurement of tangential stresses in the boundary layer.

The calculated dependence of the speed of bottlenose dolphin movement on time is 
shown in fig. 7.14 (curves 1, 2, 3). This dependence is obtained by numerical integration
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Fig. 7.14. The calculated dependence of the speed of Tursiops truncatus movement on time. The curves 1,2 

and 3 were obtained under K=  1, and /3 correspondingly in the formula (7.75). Curves 5 and 6 show the

values of power, which dolphin would develop in order to ensure increasing of speed corresponding to curves 
2 and 3, if its streamline was the same as the streamline of a rigid dolphin-like body. Curve 4 shows alteration 
of power factually generated by the dolphin in the length of time.

of the movement equations (7.77), (7.82), (7.84) - (7.86) with Runge-Kutta method 

(Korn, Korn, 1973). The curves 1, 2 and 3 were obtained under К  = 1, х/ г and ]/3 
correspondingly in the formula (7.87). In the same figure on curves 5 and 6 there were 
marked the values of power, which dolphin would develop in order to ensure increasing 
of speed corresponding to curves 2 and 3, if its streamline was the same as the streamline 
of a rigid dolphin-like body. Curve 4 shows a function of power factually generated by 
the dolphin in the length of time.

The known experimental data (Grushanskaya and Korotkin, 1973) show that the 
ultimate speed of swimming of the bottlenose dolphin in captivity is 11±0.5 m s 1. It well
corresponds with the calculated values adduced in figure 7.14, where К  = У2 and У3.

Thus the dolphin ability to increase the critical Reynolds number and to decrease the 
level of turbulence in the boundary layer (and, consequently, the resistance coefficient) 
due to the big negative gradient of pressure gives it the possibility to spend its power 
economically. However it does not give the dolphin any 7 or 8-fold economy, as Gray 
supposed, but only a two-fold one or a bit more. This circumstance allows us to explain 
partially a long-range migration of cetaceans.
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7.4. Body shape assessment for the dolphin and other cetaceans

The gradient of dynamic pressure, which is formed on the animal body during its 
active swimming, plays the main role in the support of flow without disruption. This 
conclusion is the result of analysis of the body shape. There are the three basic parameters, 
which affect the flow grain: relative elongation, which is the ratio of the body length to 
the diameter of the circle, whose square equals to the maximal square of the body cross- 
section (l/dmiJ ,  relative location of the maximal cross-section (l/l)  and the angle a  of 
exit of the body of revolution, which approximates the animal body best. The sketchy 
image of dolphin body with the corresponding designation is shown in fig. 7.15. Not all 
dolphin species and big whales have the body shape, which can be well approximated by 
a body of revolution. However, it is useful to adduce the table of comparative data on the 
shape of the body of different dolphin and whale species. We must only note that we 
have no accurate data on the maximal cross-section areas of cetacean. That is why we 
consider the maximal diameter as the maximal cross size of the body in horizontal plain. 
The dimensions of cetacean bodies, which we needed, were taken from the catalog 
(Leatherwood et ah, 1972) on the base of the photos adduced there. Consolidated data 
are adduced in table 7.15

We can see that the relative elongations of all studied cetacean species range from 4 
to 7.6. The relative locations of the maximal cross section range from 0.33 to 0.45. The 
angles of exit range from 7° to 15°. In order to estimate these values, we turn to the work 
Alekseeva et all (1968), where there is a calculation of parameters of laminar boundary 
layer of the various bodies of revolution with different shape parameters. We do not 
analyze the methods of calculation and adduce only the basic results. These results run 
as following:
1. The condition, under which the flow in the boundary layer is practically disruptless, is 
a  <6.5°.

Fig. 7.15. The sketchy image of dolphin body with the corresponding designation.
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2. If the flow is laminar and the order of Reynolds number is 108, then the body of 
revolution, whose elongation is about 9 and relative location of the maximal cross section 
equals to 0.21, has minimal drag.
3. If the flow is turbulent, then the body of revolution, whose elongation ranges from 5.5 
to 7 and relative location of the maximal cross section is about 0.4, has minimal drag.

If we compare these data with the data from table 4, we shall come to the following 
conclusions:
1. The angles of exit of a cetacean body exceed the angle under which the laminar 
boundary layer disruption must be observed. This fact means that either the dolphin has 
a disruption of the boundary layer in case of the laminar flow or it has the possibility to 
prevent this disruption. We saw above that in process of active swimming the negative 
gradient of pressure is formed on the dolphin body, and this gradient can prevent the 
disruption of laminar boundary layer.
2. Cetacean body is not optimal for minimizing the drag under the laminar flow condition. 
The foremost it means that there is a possibility of disruption of the laminar boundary 
layer, mentioned above. However, as we have already seen, there is no such a danger 
for cetacean and, in particular, for the dolphin.
3. The shape of cetacean body approaches the optimal for minimizing the drag under the 
turbulent flow condition.

So, if we keep in mind the negative gradient of pressure on the dolphin body, we can 
think that the shape of its body is optimal for both laminar and turbulent flows. This is one 
of the most important adaptations in cetacean created by nature.

№ Species ddMaKC Idl a , deg
1 Tursiops truncatus 5.4 0.35 10
2 Phocoena phocoena 4.7 0.40 15
3 Lagenorhynchus obliquidens 6.9 0.36 8
4 Stenella graffmani 7.1 0.35 7
5 Stenella longirostris 7.6 0.34 7
6 Delphinus delpliis 6.1 0.36 -

7 Phocoenoides dalli 4.6 0.33 13
8 Lissodephis borealis 7.5 0.36 7
9 Eschrichtius robustus 4.5 0.40 10
10 Berardius bairdi 6.0 0.39 -

11 Pseudorca crassioleus 6.9 0.38 -

12 Physeter catoclon 5.1 0.45 -

13 Kogia breviceps 4.0 0.42 -

Table 7.15. Morphometric parameters of the cetaceans. For explanations of variables, see text.
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7.5. Hydrodynamics of dolphin according to recent data

Let us consider the formation of the boundary layer on the dolphin body in its swimming 
from quiescent state according to the recent scientific data.

At the first moment the dolphin moves with a certain positive acceleration. If we 
assume that the maximal thrust is equal to the animal weight, than the maximal acceleration 
is seemingly about 10 ms'2. The fact that the thrust can be equal to the animal weight is 
proved by the well-known cases of “standing on the tail”. The movement under the 
acceleration results in the significant favorable (negative) gradient of dynamic pressure 
formed on the dolphin body. This gradient leads to a noticeable increase (3 or 4 times) in 
the critical Reynolds number. As the negative gradient obtains the least absolute value in 
the middle part of the dolphin body, the instability of the laminar flow arises first of all in 
this place. When Reynolds number comes to some critical value, which depends on the 
value of acceleration of the motion, then the laminar flow in the point with the relative 
coordinate of about x/l = 0.4-П.5 becomes turbulent. After the turbulization of the boundary 
layer at the middle part of the dolphin body has happened, its further motion, as a rule, 
becomes practically uniform during a certain time interval. Sometimes this interval of the 
dolphin motion with a constant velocity is practically absent, and the dolphin goes to the 
inertial motion right after acceleration. Analysis of experimental data shows that the 
increase in the speed after the boundary layer turbulization does not exceed 10-20%. At 
the same time the higher starting acceleration is, the higher the maximal speed of dolphin 
swimming will be. The level of turbulization in the boundary layer on the body of a 
uniformly swimming dolphin is 2 -  3 times less than the level in the boundary layer on the 
rigid dolphin-like body or in the boundary layer on the body of the dolphin while its inertial 
motion. Naturally, in this case the coefficient of friction drag averaged over the wetted 
surface of the dolphin body is less than corresponding coefficient of the rigid body drag. 
When the uniform motion transforms into inertial motion then the significant positive 
gradient of dynamic pressure arises along the dolphin body behind its middle. At the 
same time the gradient of pressure in the middle area is slightly positive or close to zero. 
The gradient of pressure remains negative only at the head area. The level of turbulence 
in the boundary layer at the middle and after parts of the body increases and obtains the 
value, which corresponds to the turbulent flow around the rigid body. The drag coefficient 
also increases to the value, which corresponds to the rigid body.

If the inertial motion is replaced with the accelerated motion then the negative gradient of 
the pressure again arises on the dolphin body and causes decreasing of the level of turbulization 
of the boundary layer. If the value of gradient is big enough, then the inverse transition from 
the turbulent flow to laminar one becomes possible at the area behind the middle.



376 Е. V. Romanenko. Fish and dolphin swimming

Brief conclusions

The most reliable and convincing estimates in this chapter are the estimates of the 
distribution of dynamic pressure and its gradients over the dolphin body. They prove the 
presence of the negative gradient of dynamic pressure on the body of the actively swimming 
dolphin and its significant value, which is sufficient for increasing of critical Reynolds 
number and sometimes for realization of the inverse transition from the turbulent flow to 
the laminar one.

The estimates of the thrust and friction drag coefficient based on the kinematical 
parameters are less convincing, although they prove that dolphins, possibly, have some 
mechanism of the boundary layer control. Thus these estimates well match the estimates 
of distribution of the dynamic pressure and its gradients on the dolphin body.

The estimates of the thrust, which is formed only by the dolphin body, have qualitative 
character. But these estimates are very significant because they are the first to show the 
capability of the dolphin (and whale) to live normally and accomplish their migration even 
with partly or completely lost tail fin. Besides, these estimates show that the dolphin 
thrust is not only the thrust of the tail fin, and we must take into account this circumstance, 
when we estimate the efficiency of the dolphin propeller.

The estimates of ultimate speed of dolphin swimming well match the experimental 
data and prove indirectly that the coefficient of dolphin friction drag is at least two times 
less than the turbulent one.

The estimate of the dolphin body shape proves that the shape is optimal for both 
laminar and turbulent flows.
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CONCLUSION

In this book an attempt was made to present a state of fish and dolphin hydrodynamics 
and to attract attention of scientists to the most actual problems. These problems are: 
the elaboration of a direct methods of an investigation of a thin structure of a boundary 
layer, shearing stress, animals flow over and a pursuance of a necessary measurements. 
The resolution of these problems has been presented in this book to some extent. However, 
a large share of original results has not been replicated and verified by other investigators.

Data presented in this book attest that a favorable gradient of dynamic pressure is a 
controlling consideration of a boundary layer operating and a critical Reinolds increasing. 
This factor was premised by Gray (1936) and proved by the theoretical and experimental 
studies (Rom anenko, 1972, 1976, 1986a; Romanenko, Yanov, 1973). It is not 
inconceivable that some other drag-reduction mechanisms exist: compliant dampening 
(Kramer, 1955; Babenko, 1971; Babenko, Kozlov, Perschin, 1972; Kozlov, 1983), 
secretions from the dolphin eye (Sokolov et al., 1969; Uskova, Raevsky, Momot, Uskov, 
1975), and others. However, some elaborate experimental research is necessary for 
estimation of a contribution from each mechanism into total effect.
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This is a monographic, fully original treatment devoted to fish and dolphin 
swimming mechanics, with an up-to-date review of the modern concepts of and 
approaches to biohydrodynamics. The opinion is supported and advanced that 
at least the dolphins show certain mechanisms to control the boundary layer 
and to decrease the hydrodynamic friction resistance (Gray’s paradox). The 
treatise is destined for students and specialists in biology, hydrodynamics 
and hydromechanics.
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