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High Speed Body Motion in Water
(AGARD R-827)

Executive Summary

This report is a compilation of the edited proceedings of a Workshop on “High Speed Body Motion in
Water” held at the National Academy of Sciences Kiev, Ukraine, 1-3 September 1997. The material
assembled in this report was prepared under the combined sponsorship of the NATO Partnership for
Peace Program, the AGARD Fluid Dynamics Panel, the Institute of Hydromechanics in Kiev, and the
United States Air Force European Office of Aerospace Research and Development. It was appropriate
that the Workshop be co-sponsored with the Institute of Hydromechanics in Kiev, where for many years
there has been an active research effort in many aspects of high speed motion in water. One of the main
purposes of this Workshop was to showcase the research of the Institute in this area to participants from
the NATO countries.

The technical topics covered during the Workshop included Hydrobionics, Boundary Layer Flows,
Supercavitating Flows, Air-Water Penetration, and Control of Cavitation. Hydrobionics is the science of
studying the structure, form, and movement of swimming animals in order to determine possible ways
to achieve better efficiency, such as drag reduction and an increase of propulsion efficiency with
minimum possible energy expenditures, for bodies such as submarines and missiles. '

A general summary of noise generation by high speed bodies in water was given. It was clear that this
field is not well understood at the present time, and that a great deal more research effort is required in
this area. In addition, presentations were given on a Simple Model for the Aero-Hydrodynamics of
Ekranoplans, and on the Movement of a Wing Above a Wavy Water Surface. Of the 35 presented
papers, 18 came from the Ukraine, 5 from Russia and 12 from the NATO nations.



Le mouvement des corps évoluant
a grande vitesse dans ’eau

(AGARD R-827)

Synthese

Ce rapport est un recueil des travaux de I’atelier sur “le mouvement des corps évoluant a grande vitesse
dans I’eau”, organisé a 1’ Académie nationale des sciences a Kiev, en Ukraine, du 1¢ au 3 septembre
1997. Les textes inclus dans ce rapport ont été rédigés sous 1’égide conjointe du Programme OTAN de
Partenariat pour la Paix, du Panel AGARD de la dynamique des fluides, de I’Institut ' Hydromécanique
de Kiev et du Directorat européen pour la recherche et les réalisations aérospatiales de I’ Armée de I’ air
des Etats-Unis. - '

Ce partenariat avec I’Institut d’Hydrodynamique de Kiev était tout a fait indiqué car cet Institut travaille
activement sur les différents aspects des mouvements a grande vitesse dans 1’eau depuis de nombreuses
années. L’un des principaux objectifs de cet atelier a été de montrer les travaux de recherche de
I’Institut dans ce domaine aux participants des pays de ’OTAN. :

Les sujets techniques couverts par 1’atelier comprenaient 1’hydrobionique, les écoulements de couche
limite, les écoulements supercavitants, la pénétration air/eau, et le contrdle de la cavitation.
L’hydrobionique est la science de la structure, la forme et le mouvement des animaux aquatiques, qui
sont étudiés dans le but d’obtenir une meilleure efficacité des corps en mouvement tels que les sous-
marins et les missiles, par la réduction de la trainée et I’amélioration de la propulsion par la réduction
au minimum des dépenses d’énergie.

Un résumé global de la génération du bruit par les corps évoluant & grande vitesse dans 1’eau a été
présenté. Il est apparu trés clairement que ce sujet n’est pas trés bien connu a 1’heure actuelle et que des
efforts de recherche supplémentaires considérables sont demandés dans ce domaine. Des
communications ont également été présentées sur un modele simple de 1’aérohydrodynamique des
Ekranoplans, et sur le mouvement d’un profil au-dessus d’une surface d’eau ondulée. Des 35
communications présentées, 18 ont été proposées par 1’Ukraine, 5 de la Russie et 12 des pays de
POTAN.
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THE SWIMMING HYDRODYNAMICS OF A PAIR OF
FLAPPING FOILS ATTACHED TO A RIGID BODY

Promode R. Bandyopadhyay
Naval Undersea Warfare Center Division
Weapons Technology and Tactical Vehicle Systems Dept.
Newport, Rhode Island 02841 U.S.A.

Martin J. Donnelly
Virginia Polytechnic Institute and State University
Department of Engineering Mechanics
Blacksburg, Virginia 24061 U.S.A.

SUMMARY

Inspired by the natural action of flapping in aquatic
locomotion, a dual flapping foil device was developed. The
performance of the device in providing propulsive and
maneuvering forces to small rigid axisymmetric bodies will be
detailed. Two modes of flapping were investigated: waving
and clapping. The clapping motion of wings is a common
mechanism for the production of lift and thrust in the insect
world, particularly in butterflies and moths. Waving is similar
to the motion of the caudal fin of a fish. A model was built (1
m long, 7.6 cm diameter) with flapping foils at the end of the
tail cone and various measurements were performed in a water
tunnel. (In hindsight, the model can be described as a rigid-
bodied mechanical seal because seals have remarkably similar
dual flaps in their tails.) Time-dependent tests of thrust, drag,
and yawing moment were conducted for several flapping
frequencies commonly observed in relevant aquatic animals.
Phase-matched laser Doppler anemometry measurements of
the near wake were carried out and detailed vorticity-velocity
vector maps of the vortex shedding process have been
obtained for the axial and cross-stream planes. Dye
visualization of wake was documented and a video recording
was prepared of the entire dynamic process.

The ability of the dual flapping foil device to produce a net
thrust and maneuvering cross-stream forces has been
demonstrated, although the main body is rigid. Its wake,
which is composed of jets, is extremely wide, nonrotating, and
rapidly decaying. The thrust production greatly increases with
Strouhal number. The results have been compared with two-
dimensional inviscid flapping foil theories and measurements.
The effect of the rigid cylinder on the flapping performance is
extracted. The efficiency of thrust production generally
increases in the waving mode which mimics the side-to-side
head motion of a fish. Efficiency also tends to peak roughly in
the Strouhal number range popular among fish. Axial thrust
shows sensitivity to Strouhal number in the range popular
among fish. However, existing non-linear inviscid theories do
not capture this aspect and the strong viscous effects observed
also need to be included.

1.0 INTRODUCTION

In nature, the inherent actions of swimming and flying have
been perfected over millions of years. These actions have been
the inspiration for many inventions in the fields of aero-

dynamics and hydrodynamics. However, most studies have
concentrated on mechanisms of thrust. The aspect of
maneuverability has received scant attention. Aquatic
locomotion generally deals with low absolute speeds. A more
relevant speed parameter is body length traversed per second,
which is frequently large. Thus, considering our current
interest in shallow water and small vehicles, a natural place to
look for new ideas for maneuvering and propulsion would be
the hydrodynamics of aquatic locomotion. The transition from
hydrodynamics in nature to engineering is not straightforward.
Some recent developments are described in Bandyopadhyay et
al. (ref. 1). This paper is a continuation of that effort.

Many varieties of fish use caudal fins for propulsion and
pectoral fins for maneuvering. In this paper, we will consider
the engineering reproduction of these control surfaces and use
a pair of foils to simulate motions that are qualitatively
similar. Propulsive and lifting forces produced by flapping
foils were studied by Knoller and Betz from 1909-1912 (see
ref. 2). From 1924-1936, Birnbaum, von Karmén, Burgers,
and Garrick conducted theoretical studies that proved
propulsive efficiency improved with slower flapping. Though
there is no verification, it appears that German scientists tested
a flapping foil device for torpedo propulsion during the early
1940s (see ref. 3). Gopalkrishnan et al. (ref. 4), Hall and Hall
(ref. 5), and Jones et al. (ref. 2) have made recent progress.
These works provide insight on the mechanism of propulsion
and drag, and describe advanced diagnostics of the forces and
turbulence in wake. Most importantly, the former authors (ref.
4) have indicated the existence of an optimum standard
number for flapping, which squarely places the vortex
shedding process at the center of the mechanisms for
propulsion and maneuvering.

Several past studies of flapping foils dealt with flexible bodies
and propulsion. However, we deal with the maneuvering of
rigid bodies by means of flapping foils. A simplified
momentum model of the dual flapping foil device (ref. 6) will
first be described. Then, we will report the results of a detailed
laboratory experimental investigation. An instrumented robust
model (1 m long with a 7.6-cm diameter) was built with a pair
of flapping foils installed at the end of the tail cone (Figs. 1
and 2). The flapping frequencies and flow speeds were varied.
Phase-matched measurements of force and moments were
carried out using a six-component dynamic drag balance.

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held in Kiev, Ukraine, 1-3 September 1997, and published in R-827.
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Phase-matched measurements of the vortex shedding in the
wake were also conducted using a laser Doppler anemometer.
Data analysis included ensemble averaging of forces and
moments and determination of net axial forces. The
anemometry data were processed to produce phase-matched
maps of vorticity-velocity vectors and circulation dis-
tributions. Vortex threading diagrams are constructed to gain
insight into the mechanism for the production of maneuvering

and propulsive forces.
FLAP

SCILLATING
FLAP PHASE ¢

o
( — / 7\# SN
- ] ! J \ X
/ / DIVIDER PLATE
CIRCULAR TO FLAT
SIX-COMPONENT \

BALANCE OSCILLATING

STRUT / LVDT (2)FOR

AXISYMMETRIC
CYLINDER

Fig. 1. Schematic diagram of the dual flapping foil device
mounted at the end of the tail cone of a rigid cylinder. Axis z is
along span of flap.

Fig. 2. Photograph of water tunnel model of the dual flapping
foil device. Dual flapping foils and divider plate are shown on
the right end; to the left of foils liz the actuators, two phase
transducers, and actuator contrel circuits. The six-component
load cell is located at the junction of the strut and cylinder.

The present work, while engineering in approach, needs to be
placed in the perspective of hydrobionics. Unambiguous
identification of the mechanism of maneuvering, thrust, and
lift in swimming and flight in nature continues to be
extremely difficult because of a lack of objective diagnostics
and controlled experiments. The present experiment could
help biology in this regard. Many quasi-steady aerodynamic
explanations of biolocomotion have actually been an
impediment to the uncovering of dynamic stall mechanisms
for force enhancement believed to be widely practiced in
nature (Ellington, 1995 ref. 7). Three-dimensional time-
dependent accurate calculation methods need to be developed
that can compute dynamic stall characteristics accurately.
Measurements reported herein could help validate such
methods.

What are the hydrodynamic differences between foils
mounted on rigid and flexible bodies? According to Rayner
(1995, ref 8), “For a swimming fish, drag is enhanced
substantially because of body flapping (estimates range to up
to five times the gliding drag; Webb, 1975, ref. 9). The fish
must generate thrust to balance this enhanced flapping drag,
but this force will not be reflected in the total momentum flow
far from the fish if — as seems intuitively reasonable — much

of the enhancement is due to induced drag. If the fish is well-
streamlined, there may be only a weak thrust wake in steady
swimming. Momentum representing the flapping-enhanced
profile drag wake that will be transported in vortices
generated close to the body; one explanation for the paradox
is that these vortices approach and interact with the lifting
vortices at the tail and annihilate one another before reaching
the wake (Lighthill, ref 10).” The present experiment on the
rigid body is unambiguous in the sense that the flap behavior
and wake are not contaminated by any body flapping drag or
associated vortices. Furthermore, because circulation is
proportionate to the angular velocity of rotation, it is clearly
ascribable to the flapping foils on a rigid body, but less so
when the body is flexible.

The present work originated from a desire to apply the
mechanisms of fish locomotion to rigid bodies and to focus on
devices that would allow precision maneuvering. This led to a
design of a tail on which two or three flapping foils are
mounted on a ring and where they could be operated
differentially. After the dual-flapping foil model was built
(Figs. 1 and 2) and the measurements were completed, one of
the authors (P. R. Bandyopadhyay) observed during a trip to
the Mystic Marinelife Aquarium that seals and sea lions,
which have a streamlined body and are known as wonderful
swimmers, also have dual-flapping foils (Fig. 3). Figure 4
shows that the present experiment was carried out in the
parameter range popular among fish.

Fig. 3. The caudal fins of seals and sea lions are examples of
dual-flapping foils which make them wonderful swimmers.
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This Work: Rigid-Bodied
Mechanical Seal -
When Thrust Is Produced

/ DUAL FLAP

EEL
" GOLDFISH

v “TROUT

.~ SINGLE FLAP
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&

Speed (Body Length/Second)

Fig. 4. Comparison of flapping frequencies of the rigid-bodied
mechanical seal with those of aquatic animals
(refs. 19, 20, 21, and 26). At a given speed,
frequency range may be 0.5 Hz.




2.0 SIMPLIFIED TWO-DIMENSIONAL

MOMENTUM MODEL

A simplified two-dimensional momentum model of the
maneuvering forces produced by the differential flapping
device is developed here. This model assumes that the
kinematics of the trailing edge of the flap holds the key to
modeling the effects of the device. The basic importance of
the trailing edge bears some similarity to the modeling of the
propulsive forces produced by the caudal fins of fish (see refs.
10-13). In this simple model, induced drag and flap tip
vortices are not considered.

2.1 Maneuvering and Axial Thrusts Generated

Consider the two-dimensional maneuvering device shown
schematically in Fig. 5. Two flaps, numbered 1 and 2, are
shown, although the basic approach is applicable if three flaps
are mounted on a rotatable ring for finer control of
maneuvering. Figure 5 pertains to thrust-producing maneuver-
ing devices, rather than drag-producing maneuvering devices
(Fig. 25 versus Fig. 26 — the two modes will be discussed
later). In the thrust mode, two jets are assumed to be
produced, each consisting of starting vortices as sketched.
These jets are assumed to be similar to those observed behind
a flexible tuna by Triantafyllou (see ref. 13).

As mentioned earlier, the differential flaps are both
maneuvering as well as propulsive devices. The drag of the
rigid body in Fig. 1 can be accounted for by proposing that
the thrust-producing jets are produced after the drag is
overcome. Consider flap #1.

¢
VORTICITY u, "N
THREADS o venuine _é),j
C o OF JETH#1
............ VEHICLE
CENTERLINE
\ CENTERLINE
F JET #2
vormery  OFY
THREADS

Fig. 5. Schematic of thrusts due to a pair of differentially
operated oscillating flaps.

Propose that the thrust generated is proportional to the product
of the mass of water affected and the increase in velocity
given to that mass. The following definitions apply:

mj, my = Mass of water affected per unit span (normal to
page in Fig. 5) by flaps 1 and 2, respectively,

T}, T =Thrusts due to flaps 1 and 2, respectively.

t;, t; = Time periods of oscillation of flaps 1 and 2,
respectively,

U = Forward speed of the vehicle generated by its
propulsor,

1-3

Uj, U; = Velocities of water due to flapping acting at
angles of ¢;/2 and ¢,/2, respectively, to the axial direction,

Vi, V> = Speeds imparted by flapping normal to the
direction of vehicle motion,

x, y = Axial and normal directions, respectively, and

¢1, ¢ = Maximum flapping angles.

Therefore, thrust in the axial direction is

U] COS(¢| 12)—U
mo—

T, <
X Il

) (1
and

U, cos(p, /2)-U
2— -

Iy xcm
5]

(2

If n#t; and if the phase is different when 1 =1¢;, a
complex, perhaps even chaotic, pitching motion could result.
Therefore, to simplify, assume that t=# =#, and that both
flaps oscillate at the same or opposite phase. Thrust vectors
(Fig. 6) are then as follows:

Net Axial Thrust

T, =Ty + T +T5, (inthex - direction),

3)
T, =Ty +AT,,

where T, is vehicle axial thrust due to any additional

independent means of propulsion, and ATy is the
contribution from the oscillating flaps.

Net Maneuvering Thrust

Tm=T2y_T|y. (4)

T

Ty
7 CENTERLINE
T'x { i OF JET #1
T $E e ccie - VEHICLE

W L e vonoie

Tw T 042 __‘.---h.-

CENTERLINE
OF JET #2

Fig. 6. Maneuvering and axial thrust vectors.

The vertical velocity vectors (in the y-direction) would be T},
and T2y (see Fig. 6).
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Total axial thrust due to flapping is

m Uy cos(d; /2)-U
: T

U, cos(py / 2)-U
>
T

AT, =
(5)

+m

AT, =%[{mIU. cos(91 /2)+myUz cos(éz /2)}=U{m +m,} ]

(component deter- (component influenced

mined by flaps alone) by steady forward speed
generated by main
propulsor)

2.1.1 Axial thrust versus braking
Equation (5) shows that if U, U; < U, the flaps can be used as
brakes. If both flaps are oscillated identically, then,

Up=Uz, Tp=0.

In this manner, the dual flaps can be used as brakes. If the
vehicle is perfectly neutrally buoyant, and if the flaps are also
slowed down in the manner of U, then the vehicle would
come to a dead stop gradually.

However, if U; = U, > U, or Uy # U; < U, then maneuvering
thrusts will be produced.

In equation (5), if U= 0, Tp =0, then,

AT, = %[{m]Ul cos(d) / 2) +myUy cos(é2 / 2)}].

If (¢1.62)T, A7, T. Note that ¢1,65 #0 when the flaps are
operational.

2.1.2 Maneuvering thrust
From equation (4),

T = m Uy sin(¢; /2) myUsz sin($y /2)
m= = .
n )

If h=1p=1,
1 . :
T =—lm/) sin($) /2)~mls sin($3 /2)] -

As ¢;1, or¢,T, each part of T,, increases. The value of
|Tpy| will be maximum if all flap variables are held the same
when either flap is turned off.

It is implied that the rate of momentum shed by the flap
trailing edge vortices is equal to the thrust produced.
Therefore, the kinematics of the trailing edge gives the thrust
and power generated. The key factors are the mass of water
affected by flapping and movements of the trailing edge
leading to acceleration of the water. These issues are
considered next.

2.2 Mass of Water Affected

The mass of water affected by the flap’s oscillation can be
modeled in several ways. A simple body-geometry-based
assumption would be that the diameter of the vortices
produced is related to the distance of cross-stream travel of the
oscillating flap. The following approach is based on the
property of the vortices produced.

Consider the vortex doublet control volume shown in Fig.
7(a). These two contrarotating vortices are produced by one
flap, say #1, in one time period of oscillation . The following
assumptions are made:

1. The flaps are two-dimensional,

2. Both vortices are of the same strength (|[7) but of
opposite signs,

3. There is no viscous dissipation, and

4. Vortex distance from flap center is ¢, i.e., the first
vortex has not propagated downstream significantly more
compared to ¢; during one cycle of flap oscillation.

Assume that the radial (r) distribution of azimuthal velocity vg
within each shed vortex is as shown in Fig. 7(b). The
distribution is linear in the core, followed by an exponentially
dropping velocity (see ref. 14, fig. 5.5, p. 89):

v9=k|r, 05?’5[, (6)

vg =ky cxp(—rz),
7(a)

r=4, (7
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Fig. 7. Vortex doublet (a) and cross-sectional distribution
of azimuthal velocity in the shed vortices (b).

Here, k; is a constant denoting the vortex property, viz., its
vorticity (whose dimension is 1/T), and k; is another constant
that is largely dependent on vortex diffusion rate. Structural
modeling of turbulent boundary layers (Bandyopadhyay and
Balasubramanian, ref. 15) shows that, as a first approximation,



the distribution in equation (7) may be neglected, i.c., the
decaying region due to viscous effects is ignored soon after
the formation of the vortices. As proved successful in that
model, it was also assumed that ¢ = the local mixing length
=0.07 of the local width of the trailing jet.

Considering the two vortices in the control volume in Fig.
7(a), the mass of water affected by flap #1 per unit span is

m = phrL (8a)

where k is a constant dependent on the flap’s sectional shape
and is a property of the vortex, and p is the fluid density.
Similarly,

2,)?
m = plm(% . R (8b)
Therefore, the maneuvering thrust is given by:
k ; :
T =222 {@)? Ursin(d1 12)=(£2)" Uy sin(é2 /)] 9)

where U] and Uz may be obtained by Biot-Savart's law, if I’
is known from measurements. The vortices in Fig. 7(a) would
move in a direction normal to the line joining them (see
Batchelor, ref. 16, p. 441).

2.3 Velocity of Propagation of Shed Vortices
Let

¢1,c2 = Chord lengths of flaps 1 and 2,
I'1,-I'1 = Strengths of vortices shown in Fig. 7(a), and
o= Half-gap between the two vortex foci (Fig. 7(a)).

Referring to Batchelor (ref. 16, sec. 2.6.4) and Schlichting
(ref. 14, p. 89) for a doublet,

N _ 5

Uy = N — © S—
1" 26~ “2ne;sin(y /2)

(10)

2.4 Strength of Shed Vortices
Circulation from Joukowski's hypothesis is (see Batchelor, ref.
16, p. 441)

= 2
I =A4yV,*~, an

where A is a constant of proportionality that depends on the
shape and orientation of the flap. For example, it will be
different for a rigid or a flexible flap. (Note that a flexible flap
would have a variable chord length.) The value of 4 would be
different if trailing edge serrations are present. If a divider
plate is present between the two flaps, it would alter the
effective shape and orientation of the flap by introducing
another length scale into the problem, whose effect would be
to alter the value of the constant 4. In equation (11), Vr isa
representative speed of the flap.

2.5 Speed of Flap Oscillation

There are two forms of flapping speed, i.e., pendulum-like
sinusoidal rotational speed and constant rotational, square
wave speed. The sinusoidal pattern would be obtained if a
pendulum-like variable torque is used to oscillate the flap. The
square wave pattern would be generated by a drive that
produces a constant rotational speed. In the model design, a
pattern that is close to a square wave is expected. In this case,
if W is the tip speed, c is flap’s chord length, and Q is the
rotational speed (rad/s), then

W=cQ. (12)

A flexible flap would have a variable chord length and the
time signature of the tip speed would be distorted compared to
those for rigid flaps.

In the present model design, a brushless magnet actuator,
known commercially as Ultimags, was chosen to oscillate the
flaps. The input current to the Ultimags was observed to
follow a square wave pattern. This finding confirmed that, in
the model, the flaps indeed operate at a constant rotational
speed.

A relationship is required for the transfer of momentum
between the solid and the liquid, i.e., between the rotational
variables Q and I". This relationship is modeled in section
4.3.2 where comparisons with measurements are presented.

2.6 Effects of Flap Travel, Body Thickness,

Viscosity, and Virtual Mass

There may be a relationship, yet unknown, between maximum
flap travel and body thickness (Fig. 1). Experiments are
needed to determine if results become independent of body
thickness when the maximum flap travel exceeds the body
thickness (Webb, ref. 12, p. 208).

Virtual mass would be affected by viscosity via boundary
layer displacement thickness &* on the flaps. An estimate
suggests that virtual mass is reduced to

m-— 2p8'r: 5 (13)
where p is the density of water and c is the flap chord length.
Equation (13) is analogous to that for a fish where virtual
mass correction is of the order of only 1 percent. The viscosity
correction to the mass of water affected can therefore be
neglected.

The added mass effects due to the potential flow also need to
be considered. The pressure drag, or the frontal area, is an
indication of this effect. Therefore, it is expected that, as long
as the flap travel is small or the flaps oscillate within the base
of the tailcone, the added mass effect due to the potential flow
would be low. However, if the flap tips protrude beyond the
vehicle, the added mass effect would increase.

2.7 Power of Flap
Let

m] = Mass of water affected by flap #1 per unit span (in
direction normal to page in Fig. 5),




U} = Velocity imparted to mass of water m| by flap #1,
and
U= Vehicle speed.

Then, the momentum given to water by the flap = mjU; , and
the rate of momentum shedding into the wake (thrust) =
m1U|U.

The flap is working against the fluid at the rate of tip speed W.
Power is always positive—when accelerating and braking the
vehicle. The flap power is, therefore,

P=mUUW. (14)

(Units for equation (14) are: (ML3/LT3) = ML2/T3) = watts. In
SI units: Power = watts = J/s) = (N/m)/s = (kgm/s2) (m/s) =
kg(m2/s3) = M(L2/T3).)

However, all this power is not available for maneuvering and
thrust. Some of it is used to overcome drag. The lost kinetic
energy in the shed vortices is

P =1/2mUU. (15)
Therefore, the available power for maneuvering and thrust is

P,=P-F. (16)

3.0 DESCRIPTION

3.1 The Dual-Flapping Foil Maneuvering Device

A schematic diagram of the water tunnel model is shown in
Fig. 1. Figure 2 is a photograph of the partially assembled
model. The cylinder diameter is 7.62 cm and the length is
about 1 m. The two flaps are 7.62 cm x 7.62 cm in size. A
fixed divider plate of the same size is located between the two
flaps. The divider plate serves to reduce the rigid body drag
and it also “trains” the vortex array allowing accurate phase-
averaged wake vortex measurement. The flaps are activated
by two magnetic actuators and phase is determined by two
differential transducers that measure displacement. The
actuators and phase sensors are housed internally. The entire
model ‘floats,” mounted on a six-component balance located
under the strut. The strut is fixed and hangs from the tunnel’s
top wall. The vortices shed by the flapping foils are created by
salient edge separation and, thus, their effects are independent
of any boundary layer tripping. The data presented here are
mostly for natural transition on the main cylinder because
tripped cases show little effect. The two flaps can be operated
in one of two modes, i.e., in a clapping or waving mode—so
named because of the kind of animation they simulate (see
Fig. 8). In the clapping mode, the two flaps approach or
recede from each other simultaneously, while in the waving
mode, the flaps always follow the direction of motion of each
other. In other words, in clapping, the phase of the two flaps is
opposite to each other, while phase is the same in the waving
mode.

3.2 Experiment Details
All measurements were performed for both flapping modes,
i.e., waving and clapping. The balance measurements were

conducted with a single flap as well as the dual flap. The
actions of the maneuvering device and the phase sensors in air
and in a water tunnel were video taped (Bandyopadhyay et al.,
ref. 17). The robustness of the device was demonstrated by the
fact that it worked in the water tunnel nonstop for about five
days during which time the phase-matched turbulence
measurements were carried out. These measurements were
conducted in the water tunnel at Virginia Polytechnic Institute
(Zeiger et al,. ref. 18). The cross-section of the test section is
large for our purpose: 0.56 m wide and 0.61 m deep. The
balance data were collected for flow speeds between 10 and
80 cm/s and flap frequencies of 2.65, 4.237, and 6.2 Hz. As
shown in Fig. 4, these parameters are in the same range as
those in several relevant aquatic animals. The flow visualiza-
tion was carried out at 5 cm/s and the laser Doppler velocity
data were collected at 20 cm/s with a flap frequency of 2.65
Hz. The flap tip travel was commonly 38 mm which made an
angle of 30 degrees about the axis. Data acquisition was
carried out in the following manner. First, the balance data
were collected. One desk-top computer was used to operate
the balance and another was used to read out, process, and
store the data. Next, a two-component laser Doppler
anemometer was used to make phase-matched turbulence
measurements in the wake. The measurements were conducted
first in three axial planes downstream of the flaps. Then they
were conducted in three cross-stream planes. The data were
processed to produce phase-averaged vorticity-velocity vector
contours in the axial and cross-stream planes. Finally,
distributions of circulation were calculated by two integral
methods, i.e., velocity time integrals and vorticity areas. The
efficiency measurements were carried out in the NUWC water
tunnel which is 30 cm x 30 cm in cross-section.

4.0 RESULTS AND DISCUSSION

4.1 Flow Visualization

Dye flow visualization was carried out to examine the vortex
shedding process at a flow speed of 5 cm/s. The vortex rollup
at the flap tip is shown in Fig. 8 for the clapping and waving
modes. The complete wake can be seen in the video
(Bandyopadhyay et al., ref. 17). For a flap angle of 30°, the
outer tip vortices were spread at an angle of 70° to the axis,
the resulting wake spread angle being 140°. This is a very
wide wake that produces thrust and maneuvering forces. As
shown later, this wake dissipates very quickly.

Flow 11 9

=

P

Fig. 8(a). Flow visualization tests of clapping mode: flaps
closing (top, graphic depiction; bottom, photograph).




Flow

Fig. 8(b) Flow visualization tests of clapping mode: flaps
opening (top, graphic depiction; bottom, photograph).

N L2

Fig. 8(c). Flow visualization tests of waving mode: Flaps toward
port (top, graphic depiction; bottom, photograph).
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N,

Fig. 8(d). Flow visualization tests of waving mode: Flaps toward
starboard (top, graphic depiction; bottom, photograph).

4.2 Definition of Coefficients
The coefficient of axial force, cg, is defined as

F

et (17)
2
YpU,” D?
where F is axial force, being positive for thrust, p is density of
water and U, is freestream velocity. When F is positive,
cq=cy, the coefficient of thrust, and when F is negative,
¢q = ¢4, the coefficient of drag.

The coefficient of yawing moment is defined as

—
%pUmZDJ ’

where T is yawing moment, D is the length scale of the model
and flaps. Time, ¢, is nondimensionalized as r* = tU,,/D. The
Reynolds number is defined as

_UxD

Re , (19)
v

(18)

c m

where v is kinematic viscosity of water. In calculating
vorticity, velocity and circulation, nondimensionalization is
performed using U, for velocity scale, D for length scale, and
D/U , for time scale.

The Strouhal number, St, is defined as

si=d4 (20)

3

U

where fis flapping frequency and 4 is maximum cross-stream
travel of a flap tip.

Efficiency of the flapping foils was defined as

_ OutputPower  T-Uy
InputPower 7, I Widt’

21

where T is integrated thrust, n, is actuator efficiency, ¥ and /
are actuator volts and currents, respectively. The factor 2
accounts for two actuators.

4.3 Forces and Moments

4.3.1 Time signatures

The ensemble-averaged coefficient of axial force (c,;) due to a
single flapping foil is shown in Fig. 9(a-c). A net thrust is
produced only at 4.24 Hz. For the dual-flapping foil case, the
ensemble-averaged time histories of axial force and yawing
moment are shown in Figs. 10 and 11, respectively. A thrust is
produced at all three frequencies. In Fig. 10, positive values of
force indicate thrust and negative values indicate drag.
Clearly, the device has produced more thrust than drag. The
net values of the moment can be made non-zero and acting
toward port or starboard by operating the flaps differentially.
The data in Fig. 11 can be used to design control laws for
maneuvering. Observe the 90° phase difference between axial
force and yawing movement.
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Fig. 9. Ensemble-averaged coefficient of axial force (c,) due to
a single flapping foil; positive values indicate thrust (c,) and
negative values indicate drag (c,); U,, = 20 cm/s: (a) 2.6 Hz,
(b) 4.24 Hz, and (c) 6.2 Hz. LVDT signature indicates
flap phase = highest values: flap fully open;
lowest values, flap fully closed.
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Fig. 10. Ensemble-averaged axial force and flap opening due to
dual-flapping foils. High LVDT values = flap fully open; low
LVDT values = flap fully closed. The flaps are actually in
opposite phase.
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Fig. 10. (Cont'd) Ensemble-averaged axial force and flap
opening due to dual-flapping foils. High LVDT values = flap fully
open; low LVDT values = flap fully closed. The flaps are
actually in opposite phase.
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Fig. 11. Ensemble-averaged (a) axial force, (b) yawing
moment, and (c) flap phase in waving mode; Uy, = 20 cms/s;
f=6.2 Hz. The flaps are actually in phase.

4.3.2 Thrust coefficient

The distributions of coefficient of axial force with Strouhal
number are shown in Fig. 12. The dual flapping foil data are
compared with the two-dimensional theories of Lighthill (ref.
10) and Chopra (ref. 22) and the two-dimensional measure-
ments of Triantafyllou et al. (refs. 23, 24) and Isshiki and
Murakami (ref. 25). There is good agreement in the trend. Our
measurements are also compared with the two-dimensional
momentum model of Bandyopadhyay (ref. 6) described in
section 2. In this model, the mass of water affected per unit
span of flap was taken to be

2vg - Ry, (22)

where vg = ¢ - Q. Here vg is azimuthal speed of the flap time,
Ry, is vortex radius at the flap tip, c is flap chord = D; Q is
rotational speed of flap = 2nf, and the factor 2 accounts for
two vortices formed in each cycle of flapping.
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Fig. 12. Comparison of measurements of axial force (thrust) coefficient.

From flow visualization experiments, R, was taken to be
0.173 cm at all values of Uy and f. From the phase-matched
LDV measurements shown in Fig. 13, the axial jet speed
relative to Uy was taken to be 60 cmy/s at all values of Uy and
/. Thrust coefficients calculated using these values of mass of
water affected and jet speed are also shown in Fig. 12. The
momentum model may be the asymptotic limit of thrust that
can be produced by the flapping foil technique. In the St range
common among fish (Triantafyllou, ref. 23), some of the dual
flapping foil data exhibit sensitivity to St.

In the case of the rigid bodv, the shed vortices do not
propagate tangential to the trailing edge when the flap is at the
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Fig. 13. Phased-average measurements of axial jet speed due
to dual-flapping foil. Axial velocities shown are relative to Uy, of
20 cm/s. Measurements in two different planes are compared.

outer extremity. At 5-20 cm/s, while the flap trailing edge is at
30° to the axis, the outboard vortex moves away from the axis
at 70°. There is also a rapid decay in the vortex circulation
(discussed later, Figs. 23 and 24). Thus, the vortex self-
induced dynamics is strong and the wake is affected by
viscous non-linear mechanisms. Although, the two-
dimensional non-linear theories generally agree with the mean
data trend in Fig. 12, the detailed sensitivity in the range 0.2 <
St < 0.4 is not captured. We suggest that, in order to determine
sensitivity to St and £, viscous non-linear stability dynamics
need to be included in the theories.

The efficiency of the flapping foil (equation (21)) is shown in
Fig. 14. The efficiency of the magnetic actuator, n, , was
assumed to be 18% as supplied by the manufacturer. The
actual 1, is lower and, thus, the actual values of 1 of the dual
flaps shown are higher. There is a general agreement with
Triantafyllou’s (ref. 23) experiment on a two-dimensional
heaving and feathering foil. It is interesting to note that the
dual flaps show a tendency to achieve a higher efficiency in
the waving mode. This is intriguing. We propose that in the
waving mode, the model nose yaws and sheds vortices. This
either lowers the drag on the rigid body or it enhances the
thrust (by augmenting jet speed) due to the vortices produced

by flapping.

Because the efficiency plots shown in Fig. 14 include the
cylinder drag, an attempt was made to estimate the efficiency
of the flapping foils alone. The viscous and form (small) drag
coefficient of the cylinder was estimated to be 0.145. When
this is taken into account, the efficiency of the flapping foils
alone are higher as shown in Fig. 15. At lower St, there is a
tendency for the efficiency to depend on f. This has not yet
been explained.
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Fig. 14. Measurements of the axial force efficiency
of the dual-flapping foils.

Measurements of all axial force coefficients due to single- and
dual-flapping tails are shown in Fig. 16. Both thrust and drag
production cases are included. Except at 4.25 Hz, one single
foil is unable to produce thrust. This is due to the drag of the
rigid cylinder. Tripping of the cylinder boundary layer has no
effect on the thrust produced because that mechanism is
inviscid — tripping only affects the drag of the rigid cylinder.
The data indicate that the thrust produced is governed by .St,
drag of the rigid cylinder, and the total mass of water affected.
The mass of the water affected is doubled when two flaps are
used and the thrust produced overcomes the drag of the rigid

51

10

0.5 x Axial Force Coefficient

"

Possible Limit of Thrust
Due to Flapping Foils

1-11

1.0 Estimated Efficiency of Flapping Foils Only
(Bare Body Drag Removed)

0.8 Clapping Waving
—8— 265Hz == 26852
—@— 424Hz --O-- 424 Hz
—&— 62Hz A 82 Hz
06

=+ Triantafyliou ¢! al. (1891)

e
»

Efficiency
e
»

0.0

0.2t

0.0 0.5 1.0 1.5
Strouhal Number

Fig. 15. Estimated efficiency of dual-flapping foils. Estimated
values of bare body drag (viscous + form) removed from
measurements of total efficiency (rigid body + flapping foils)
shown in Fig. 14.

cylinder. According to Triantafyllou (Pvt. Comm. 1997), the
“robotuna” vortex cores make an angle of 10-15° to the
forward direction. However, the wake angle is 140° in the
present case. (The divider plate probably lowers the cylinder
drag slightly.) This suggests that the drag of the flexible
robotuna’s main body could well be lower, but this remains a
speculation. The two-dimensional flapping foil experiments
do not have a main body and, thus, have the pure thrust
produced. We believe that, in the future, by comparing our
results with those of the robotuna of Triantafyllou, insight can
be gained on the effect of a flexible body.

3D Flap Expt.:

Bandyopadhyay et al. (1997)
Single Flap

(e ETT™

B 82Hz

O 2.6 Hz (Tripped Boundary Layer)

4 Al Dual Flaps

Theory
® 20 Theary: Lighthlll (1975); Chopra (1977)
o A 20 Momentum Model: Bandyopadhyay (1996)
. 2D Expt.:
® 20 ExpL: lsshiid & Murakami (1984)
O 2D Expl: Triantafylou ot sl (1903)

‘?J.O 0.5

1.0 1.5

Strouhal Number

Fig. 16. Summary of all single- and dual-flap axial force coefficients. Both thrust- and drag-producing
cases are shown. Note that bodly drag is included in axial force.
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4.4 Vortex Shedding: Vorticity-Velocity Vector Maps

4.4.1 Vorticity-velocity vector maps

The phase-matched vorticity-velocity vector measurements
were carried out at a flow speed of 20 cm/s. Their maps in the
axial (diametral) midplane (z = 0) are shown in Figs. 17, 18
and 19 for waving and clapping modes (phase is given by t* =
tUx/D). Similarly, the phase-matched vorticity-velocity vector
maps in the cross-stream plane at the trailing edge of the flap
(x/D = 0.066) are shown in Figs. 20 and 21 for the waving and
clapping modes, respectively. Such maps were used to
compute circulation values of the vortices by two methods: by
calculating velocity line integrals and vorticity area integrals.
The circulation distributions are shown in Figs. 22 and 23 for
x/D = 0.0656 and 0.5577, respectively. The two methods of
circulatiorr calculation are in reasonable agreement. We note
that within a short length after formation (x/D = 0.5), the
minimum circulation has dropped by a factor of 3.

Measurement resolution is higher in Fig. 17. This figure
captures the radially far-flung vortices. The maps in Figs. 17,
18, and 19 show the jets between vortex pairs which gives rise
to thrust. The vortex arrays and the mechanism of thrust and
yawing moment are depicted schematically in Figs. 27 and 28.

Figures 18 and 19 indicate that, in the clapping mode, the two
flaps produce arrays of vortices that are mirror images. Thus,
they would produce thrust but no maneuvering cross-stream
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forces (Fig. 27). On the other hand, in the waving mode, the
two arrays of vortices from the two flaps are staggered in the
streamwise direction. Due to this fact, the waving mode
produces both axial and cross-stream forces (Fig. 28). The
vortex shedding process is clarified in Figs. 25 - 28. Figure 25
shows a drag-producing wake behind a hydrofoil where the
induced flow between a pair of shed vortices is pointed
upstream. When the foil is oscillated, the wave train shown in
Fig. 26 is produced when the induced velocity points in the
downstream direction, which gives rise to thrust. The clapping
mode produces the mirror-image vortex train shown in Fig. 27
and the waving mode produces the staggered vortex train
shown in Fig. 28.

The cross-stream maps in Figs. 20 and 21 were examined to
look for clues for higher efficiency in the waving mode. The
wake is three-dimensional due to the finite nature of the flaps.
The figures show that the shed axial vortex lying within the
divider propagates inward towards the axis of the model while
the outer shed axial vortex shows no such tendency. This is
shown schematically in Fig. 24. After it is fully formed, the
inner axial vortex is elliptic and takes an inclined position in
the y-z plane. In the clapping mode, during the outward
motion of the flaps, four axial vortices would tend to converge
near the model axis increasing vortex-vortex and vortex-wall
interactions. We suspect that induced drag will be affected
more in the clapping mode than that in the waving mode.
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Fig. 17. Vorticity-velocity vector plots in the axial plane for clapping. The velocity perturbations are with respect to freestream
velocity. Filled squares on the y-axis indicate the location of flap trailing edge in this and succeeding figures. Note that, when the
flap is at outboard extremity, the outer-most vortex trajectory is at 70° to the x-axis which is much larger than the flap trailing edge

angle of 30°.
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Fig. 18. Vorticity-velocity vector maps in the axial plane in the waving mode.
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Fig. 19. Vorticity-velocity vector maps in the axial plane in the clapping mode.
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Fig. 20. Vorticity-velocity vector maps in the cross-stream plane in the waving mode; x/D = 0.066.
Filled square markers at z/D = 0.5 within each frame indicates flap location.
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Fig. 23. Circulation distribution at a downstream station (x/D = 0.5577) compared to that in Fig. 22, (a) waving and (b) clapping
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Fig. 24 Schematic diagram showing the inward trajectory of the inner shed axial vortex

X
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(a) as opposed to the outer shed axial vortex (b) in both modes of flap oscillation.

Fig. 25. Schematic of production of drag (momentum deficit)
and yaw force due to a Karman vortex train.

Fig. 26. Schematic of production of thrust (momentum excess)

and yaw force due to a negative Karman vortex train.
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Fig. 27. Schematic of vortex train in clapping mode showing the
origin of axial and cross-streaam force vectors.

5.0 CONCLUSIONS

A laboratory investigation has been conducted to examine the
performance of a dual flapping foil device used as a
maneuvering and propulsive tool for a rigid body. A model
was built (1 m long, 7.6 cm diameter) with flapping foils at
the end of the tail cone and various measurements were
performed in a water tunnel. The flow speed range in water
was between 5 and 80 cm/s and the flapping frequency varied
from 2.6 to 6.2 Hz. These parameters, as well as the body
length, are in the range popular among fish and seals. The
flaps were operated in two modes: waving and clapping.
These flaps mimic the motion of the caudal and pectoral fins
of a fish. (This clapping motion is also found among insects.)
It was demonstrated that, although attached to a rigid body,
the device can produce a net thrust. By operating the flaps
differentially, the device can also be used to produce a yawing
moment for maneuvering purposes. The waving mode of the
flaps is more efficient as a thruster compared to the clapping
mode. This explains why a fish may use a caudal fin for
propulsion and the pectoral fins for maneuvering. The waving
mode involves a yawing motion of the nose. Thus, its higher
propulsive efficiency suggests that the side-to-side motion of
the head of a fish may have hydrodynamic benefits.

Comprehensive measurements of the vortex shedding process
in the wake, matched to the phase of the flaps, have been
carried out. These data can be useful to validate dynamic
numerical simulation codes incorporating the effects of
moving surfaces. Existing non-linear inviscid theories are
inadequate to account for sensitivity to Strouhal number in the
range 0.2 < St < 0.4. Viscous stability effects also need to be
included. In the dual-flapping foils attached to a rigid body,
while the net drag is less than the net thrust, the wake is very
wide compared to that for a fixed cylinder of same diameter
and the wake decays rapidly. This is explained by clearly
demonstrating that the wake of the device is predominantly
composed of down-stream-pointing jets lying between pairs of
shed vortices.

Past two-dimensional theoretical and experimental results in
the low Strouhal number-axial force coefficient range, as well
as the present work over a larger range, indicate that there is
an universal asymptotic limit of thrust that can be produced by
the flapping foil technique. However, the axial force produced
may fall short when flapping foils are attached to rigid bodies.
The interaction of the drag of the rigid body with the flapping
foil flow is complicated. There is systematic variation in force
generation with the mode of flap oscillation, flapping foil

Fig. 28. Schematic of vortex train in waving mode showing the
origin of axial and cross-stream force vectors.

frequency (in addition to Strouhal number) and the number of
flapping foils. Three-dimensional viscous non-linear theories
are required to account for these effects.

When the present work was started, we were intrigued by the
fact that the clapping motion of the wings of insects for
propulsion is common in air, but is rare in water. On the other
hand, the waving motion of the caudal fin of fish is common
in water but is rare in air. Because clapping of wings in air
produces both thrust and a large amount of lift force, it
involves a complicated rotary motion of the wings as well.
The ability of small insects to fly in the air remains a mystery.
Quantitative experiments are required to ascertain the
mechanisms involved. However, aquatic animals have
separate means for handling the buoyancy forces and the
thrust-producing role of the waving motion of the caudal fin is
relatively better understood.

With aquatic animals, the main lacuna in our understanding is
the element of drag. There is considerable uncertainty in the
drag data of aquatic animals. This has led to much controversy
in the past. Even our understanding of lift-based force
generation is often based on inviscid non-linear theories. They
do not adequately account for viscous effects, which influence
the behavior in narrow Strouhal number ranges where
optimum efficiency is reached. Careful laboratory experiments
on simplified engineering models of aquatic animals and
physical modeling might bring some clarity to the subject.
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1. SUMMARY

As is shown by theoretical and experimental
researches, the general mechanism of crucial re-
duction of hydrodynamic drag consists in substi-
tuting rolling friction for slipping friction [1]. This
mechanism is realized at a boundary layer recon-
struction with formation of periodic transverse vor-
tices that are rolling without slipping over the
body surface. A small velocity gradient charac-
- terizing such a motion conditions low energy dis-
sipalion. A travelling wave on elastic body surface
works as a mechanism of formation of a periodic
vortex structure for some water anirnals, such as

dolphins. At appropriate elastic parameters of the -

surface, the wave is excited in a regime of hydroe-
lastic flutter. The surface roughness, as it takes
place with sharks, expands the range of velocities
at which travelling waves are excited, though it
decreases their energy efficiency.

2. INTRODUCTION

Another vortex formation mechanism abundant
in nature employs the specifics of the flow along

a slender rough body. Analytical calculations val-

idated by direct experiments showed that helical
vortices with a high amplitude growth increment
are generated on a slender rough body. Arriving
at Lhe fish body, well-developed helical vortices re-
construct the boundary layer in such a way that
the normal flow with slipping of fluid layers with
a high velocity gradient is replaced by a motion
with rolling of vortices with a small velocity gradi-
ent and, as a consequence, with low hydrodynamic
drag.

The rostrum of a sword-fish is a slender body
covered by small-scale roughness. Nearly parallel
flow is formed at a small distance from the lead-
ing edge, which changes weakly downstream due
Lo both viscosity and slight thickening of the ros-
trum. One can try to approximate this flow by
fluid molion along an infinite thin rough needle.

The needle surface roughness generates contin-
uously small disturbances in the flow. The stabili-
ty of initial laminar llow guarantees the abscoce of
other disturbances except for those diffusing from
the cylinder surface. For one-scale roughness, we
will have one-scale turbulence with a known mix-
ing path length.

The presence of turbulent oscillations causes

the appearance of turbulent vmcosn.y that exceeds
multiply the molecular viscosity in the gradient

. flow region. The flow which is of interest to us

can be described by the Reynolds equations with
a certain turbulent viscosity which can be deter-
mined using the Prandtl technique [1] in terms of
known, in the present case constant mixing path
length. The solution obtained can be analyzed for
stability. Inviscid solutions depend on turbulent
viscosity only via the averaged velocity profile,

3.MATHEMATICAL FORMULATION OF THE
PROBLEM.

The equation of the average momentum in the
boundary layer model in the cylindrical coordinate
system r, z is written as

ou oUu 18
Pl + V1= —1 5 (reim)

Here, U and V are components of the aver-
aged velocity profile, u,v are components of the
fluctuating velocity.

According to the Prandtl model [2], the Reynolds
siress can be expressed in terms of the averaged
velocity gradient (U/dr) and mixing path [ as
follows:

w = —1%(8U/0r)?.

Thus, the averaged momentum equation is reduced
to the equation

oU U 128 93U,
VetV Tyl W

The continuity equation has a usual form.

dUr)  O(Vr) _
o Yo 0 @

Assuming the peedle diameter to be equal to zero,
we obtain the following boundary conditions for
unkoown functions U and V.

U=V =0forr=0,z>0

U=1,V —0forr— oo

One can conclude from the form of equ ation (nH
that it is independent of velocity scale but depends
on the roughness scale. Assuming the coordinates
r, z be normalized to a certain size L, the quantity
! will be a measure of relative roughness.

4. SOLUTION OF THE PROBLEM

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held in Kiev, Ukraine, 1-3 September 1997, and published in R-827.
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From the analysis of dimensionality of equa-
tion (1), it follows the existence of a self-similar so-
lution of the form U = U(n) where n = r/(I22)!/3.
Let us represent the function U(n) in terms of the
second derivative of some other unknown function

¢(n)
U = ¢"(n)
and determine the second component of velocity
from the continuity equation (2).
For this purpose, let us pass to new variables
z2=¢& pg=r/{2)3,
. Then we will need the relations dn/8r = n/r =
1/(1%€)'3
dn/0z = —n/3z
a/or=0; 8¢f0z = 1.
Let us substitute in equation (2) the relation
for the function U

oUr) U _ .1
e T 'az =ré 3¢
whence we can obtain )
i 2ey1/3 7’2(126)1/3 "
“3a (Vr)/(F°€)1° = % ¢".

2 1/3
lf) /¢m 2 ﬂ-— ( E) [’72¢M 2"¢l+2¢].

(3)

Now we will turn to the momentum equation (1).

After substituting the above formulas for U

and V, the left-hand side is converted to the fol-
lowing form

IA'I

( 2n¢’ + 24)

Let us now transform the right-hand side of
this equation.

2 (%271 = a9 en(e + 206™)

Finally, we obtain an equation for ¢(n)

2
876" + 8"+ g ~28) =0 ()

with the boundary conditions

¢"=0forp=10

lim(¢/n—¢')=0npan—0

lim(¢"'n—2¢' +2¢/n) = 0 npa n — oo

5. ANALYSISOF EQUATION (4).

For small values of argument 5 in equation (4),
the main terms are-the highest derivatives that
describe viscous forces

217¢IHI + ¢III - 0’

which has the following solution

" = J'_).

For large values of 7 the main terms are the con-
vective terms
¢'=vi

which vanish at ¢ = 2.

6. ANALYSIS OF STABILITY OF THE SO-
LUTION.

Let us designate by the letters u,v,w,p the
small perturbations of components of velocity vec-
tor and pressure, which will be sought in the form

u,v,w,p = Reel[Fr,iGr, Hr, pPr] exp(ing+ia(z—ct)).

Here, a is the wave number and ¢ is the phase ve-
locity. For unknown functions F(r), G(r), H(r) af-.
ter eliminating P(r), we obtain the following sys-
tem of ordinary differential equations

n(U - )G +3 [(U —c)rH]=0
a(U—c)(nF—arH)+nU'G=0

arF 4+ r%G+G+'nH =0

, that must be solved with uniform boundary con-
ditions F,G,H,P — 0 at r — 0 and r — oo.

The second equation of this system is an al-
gebraic one and makes it possible to exclude the
function F.

As a result, one can obtain a system of two
equations of the first order for two unknowns H,G.

n(U =G+ S(U - H]=0  (3)

n(U —c)(r%-}-G)—an 'G+(n2+a?r?)(U—c)H =0
(6)

Excluding H from this system, we obtain one second-
order equation with one unknown.

e e (1c)) SV ()
(V=16 - g ) =

The system of equations (5)-(6) or equation (7)
equivalent to it with uniform boundary conditions
can have a solution only for certain values of ¢ and
a that are called eigenvalues.

- Stability of various axisymmetric flows is stud-
ied in detail in a well-known paper of Batchelor
and Gill [4). In particular, they showed that the
flow can lose stability with respect to inviscid form
of perturbations if the following condition is sat-
isfied at’‘some interpal point:

d rU’
arn? +a’r2) =0



Here, as usually, n is the oumber of the azimuthal
mode, and o is the wave number of the longitudi-
nal travelling wave. ‘

This condition is a generalization of the known
condition on an inflection point in the profile of a
parallel-plane flow to an axisymmetric flow.

It is easy to see that this condition is not valid
for the Poiseuille flow with a logarithmic proﬁle
and for any profile if we. confine ourselves to ax-
isymmetric disturbances (n = 0).

At the same time, for a profile on a rough cylin-
der obtained by us, this condition is always valid

at point rp = n/\/fia.

Batchelor and Gill showed that most unstable

are disturbances with the number n = 1.

Concerning the conditions of physical realiza-
tion, we are interested in the case when the prod-
uct ac = w is a real number, hence, a is a com-
plex number conjugated with ¢. In this case, the
real part of the wave number o, determines the
wave length A in accordance with the relation a, =
27/, and the imaginary part a; determines the
downstream change of disturbance amplitude ac-
cording to the law exp(—a;z.

The reference length in the problem under con-
sideration can be only the wave length, which will
be accepted as a unit of measurement. With such
normalization, a, = 27, and

1 ar 1.
V3a  e?+al T 2mV/3[1 4+ (ei/ar)?]

Since o; < a,, then the dimensionless distance
to the critical layer will be determined by a small

number 0.092.
- Let us rewrite equation (7) in tbe following
way:

ry = Reel

d r
dr [m dr (rG) ]-rG= ®)
G d, rU!

Uu- cdr(n2+a7r3)
Let us represent an approximate solution to this
equation, which satisfies uniform boundary condi
tions, in the following form:
rG=0 forr<rg
rG = rK|(ra) forr>r
Here K is the Hankel function of the Ith order.
The condition of continuity of this function at
point r = r;
K{ (rka) =0 (9)

can be provided by choosing an arbitrary value of -

the wave number a.

Using direct substitution, one can verify that
the chosen function satisfies equation (8) for ve-
locity profile

U=+r

at r<r;

U=const at r>r

and is an approximate solution for all profiles sim-
ilar to this one.

The first root of equation (9) has the following
complex value: 0.90 — {0.58. The negative imag-
inary part ensures a rapid growth of disturbance
amplitude.

7. CONCLUSION.

 The conducted qualitative analysis of solution

. properties and the estimate of some of its param-

eters allows one to prepare an experimental verifi-
cation of the hypothesis according to which a thin
rough rostrum of a sword-fish performs a function
of vortex generator.

Firstly, we found out that dimensionless pa-
rameters of the flow along a rough cylinder are
independent of velocity scale. This makes it pos-
sible to carry out experiments with an arbitrary
velocity .convenient for the experimentor.

Secondly, we found out that the velocity profile
formed by the rough cylinder is stable with respect
to axisymmetric disturbances. At the same time,
helical disturbances of the travelling wave shape

f(r)ezplia(z — ct) + ind]

are unstable with a continuous spectrum of
frequencies. This means that forced generation
of such disturbances with a small initial ampli-
tude ensures an onset of increasing disturbances
which, having achieved a certain amplitude, as we
suppose, form a steady periodic flow. The most
unstable form is a helical vortex filament corre-
sponding to the value n = £1. Superposition of
two such forms provides an intersecting vortex ge-
ometry that will then evolve into inclined circu-
lar vortices embracing the cylinder. Such waves
can be generated by transverse oscillations of the
cylinder in one plane, two disturbance waves being
excited during one period of oscillations.
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SUMMARY
General principle of optimization of alive organism

consists, as a result of many-centuries evolution, in .

attainment of minimal energy expenditures for
maintaining the process of life. Principal attention in
this investigation is payed to study of peculiariries of
organism systems and their interaction in the process
of motion of water animals, which are directed at the
reduction of energy expenditures. On dolphin
example, considered are peculiarities of morphology
and physiology of skeleton, muscles, skin coating,
blood system and innervation. As the motion takes
place in the water medium, considering those systems
the force influence of medium onto the organism is
taken into account. Studied are influence of swimming
speed, non-steadiness of flow, unusual method of trust
creation, specific structure of body surface onto the
body systems. Also considered are some peculiarities
of hydrodynamic influence onto the body when

moving in water medium. In accordance with these -

peculiarities, specific structure of mentioned systems
of water animals are analyzed.

Here there are detailed description of skeleton and
location of innervation ganglions as well as layer-by-
layer location, along diameter and body length, of
moving muscles. Structure of skin coatings is given in
details especially. The peculiarities of blood system
and structure of that in_skin coating are analyzed.
Presented are results of measurements of temperature
distribution on the surface of body skin and results of
theoretical estimation of controlled heat conductivity
of skin.

By means of apparatus developed, the measurements
of distribution for elasticity and damping properties of
skin of different dolphin types are carried out.

Presented are results of direct and indirect
measurements of other mechanical parameters of skin,
in particular phase velocity  of disturbances
development. The results of measurements of
turbulent boundary layer in different regimes of
dolphin ‘motion are given. Described are the
functioning the body systems and mechanisms for
regulation of mechanical features of skin.

The ways of reduction of body motion drag are
shown. :

1. INTRODUCTION

The attention to hydrodynamic functions of skin
covers and bodies of cetaceans was paid for the first
time in the works [11, 30-33, 37 etc.]. The greatest
attention to these investigations was attracted by the
publication of the Gray's book [13], were the estimated
calculation has shown that the enérgy of dolphins
does not correspond to swimming speeds developed by
them. The book of Hertel [12] has shown ways of the
hydrobionics technical applications and has formed
the basis for development of this direction in the
different countries. The fundamental theoretical [17,
21, 22, 27, 38] and series of experimental [20, 36 etc.]
investigations in hydrobionics were carried out.

It is known, that high-speed hydrobionts, in particular
dolphins, have developed as a result of evolution the
adaptations for economical energy expenditure and
efficient drag reduction.

The principal purpose of research consists in finding
the corresponding laws of structure of-skin and other
organism systems as well as explanation of that on the
basis of laws of physics and hydromechanics. -

Hydrobionics is new science based on complex
studying the phenomena using knowledge of different
scientific directions including biological and technical
ones. As a new- science hydrobionics needs
development of methodology and, in particular, of
new techniques for experimental investigations
carrying out. Present section of research includes
development of methodology of carrying out the
mainly experimental hydrobionical investigations.

About 30 years of research in Institute. of
Hydromechanics of National Academy of Science of
Ukraine and in other institutions show the perfect
flowing around the high-speed marine animals and the

‘difference from that for corresponding rigid bodies

[17, 25).

Study of living organisms should not be conducted in
the same manner as it is done in case of rigid bodies in
technics. This gives the new notion in the field of
modelling in technical problems. Well elaborated
bionical approach can create a bridge between
investigations of marine animals and development of
methodology for identification of more effective
technical systems.

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held in Kiev, Ukraine, 1-3 September 1997, and published in R-827.
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The 'most important is insight into understanding of
basic principles of organism construction which would
permit to develop the reliable methodics of research.

The purpose of present investigation consists in
identification and study the adaptation mechanisms of
systems in a hydrobiont organism which are energy
saving at high speeds of swimming.

The hypothesis of present investigation consists in the
fact that all organism systems are interconnected and
function towards achievement of highest efficiency:
drag reduction and increase of propulsion efficiency at
minimum possible energy expenditures.

Formulation of the problem consists in
determitanation of the relationship between
morfology of hydrobiont body and its
hydrodynamics.

Approach consists in characterization of hydrobiont
morphology  systems including  hydrodynamic
correspondence and mutual interaction of organism
systems. ’

2. BASIC PRINCIPLES OF THE GYDROBIONIC

The most important for undestanding the peculiarities
of structure of hydrobionts and their systems as well
as for modelling those pecularities in technics is study

and systematization of hydrobionics principles. Let:

enumerate the basic functional principles [4, 5, 8, 9,

25).

~ Principle of buoyancy force balance. Average
density of hydrobiont body is close to that of
water, so animal is more or less balanced by static
force buoyancy. Positive or negative buoyancy is
neutralized during the motion by hydrodynamic
resultant force of body and fins.

~ Biological principle of convergence (likeness of
signs) affirms that in long- and stable-uniform
conditions of life the animals of different type,
under influence of natural selection, draw nearer
concerning some signs, which are connected
directly with influence of environment.

- Biological principle of divergence (discrepancy of
signs) means that in the range of one single species
there are not absolutly equal organisms. Being
uniform initially groups of them, during natural
selection in some different conditions of
environment, have been specializing in different
directions. As a result new varieties and binds have
appeared with .more expressed distinctions of
structure, functions and way of life. For example,
skin elasticity of dolphins which swim with
different speeds is essentially different.

- Important is biological principle of embriogenes. It
was found out that is process of embrio growth the
common signs of large group of animals are found
themselves earlier than special ones. So, different
signs caused by historical influence of environment
appear successfully.

— Principle of progressive swimming consists in that
that, as hydrobiont dimensions increase and
strenghtening  the level of organizing, the

maximum swimming speed essentially increases. It
is stipulated by the fact that effective power of
hydrobiont is proportional to cube of linear
dimensions (to mass), and hydrodynamic drag - to
square of linear dimensions (square of wetted
surface). '

The principle of cyclic motion. Swimming of water
animals is always non-stationary, usually
periodical, close to harmonic. Besides, usually the
active swimming alternates with motion by its own
momentum (coasting). This principle may be
explained by important-for-life  biological
properties of regulating the parameters of living
tissues, which (properties) are stipulated by cycles
of energy exchanges, acts of breathing and blood
circulation as well as unexplored jet efficiency of
non-stationary swimming.

Principle of propulsor unification. Among
hydrobionical objects the most widely distributed
are wave-like propulsors with elastic bending-
oscillatory complex of different structure which
become localized as the dimensions and swimming
speeds increase.

Principle of relative hydrodynamic conformity is
characterized by that that, as Reynolds number
increases, there is succesive _localization of
hydrobionts parameters range with changing, in
law-governed way, characteristics of propulsors
and methods of swimming in accordance with
hydrodynamic modes of flow in boundary layers
and vortical wakes. However the generic Reynolds
numbers differ essentially from those for rigid
bodies because of specific flexible skin covers and
non-steadiness of flowing around.

Principle of receptoric regulation consists in the
Jfollowing. If rigid body moves then various
hydrodynamic forces influence its surface.
However the rigid body is insensitive to those
forces, it does not perceive them because designers
set beforehand such a margin of safety that this
body would not be deformed. For all hydrobionts
and in particular cetaceans the nerve endings are
located in skin very close to flowing around
surface: at distance of several tens of microns from
body surface. Our predictions showed that pressure
fluctuations . and boundary layer velocities are
registered by such receptors very well. Since the
hydrobiont body surface is very innervated then
force influence of hydrodynamic field of outer
medium when moving and especially the gradients
of hydrodynamic loads are perceived sensitively by
a living organism. An animal feels any vortical
perturbation. And this principle (law) of receptoric
sensitivity means that as a result of many-centure
evolution a hydrobiont organism has developed
the adaptations in such a way that to eliminate the
painful feelings. Yet on the basis of this principle
one can search the organism adaptations intended
for elimination of painful feelings and directed
toward reduction of hydrodynamic drag.

Principle of interconnection consists in that that all
systems in a living organism work only in an
interconnected manner.




— Principle of polyfunctionality means that majority
of organism systems has not'one function only but
several ones.

— Principle of combinationness of adaptive systems
consists in that that, in order to achieve the most
efficiency, working are not single organism system
but the greatly large number of systems.

— Principle of automatic regulation consists in that
that all adaptations in organism work
automatically. .

— Principle of thermal regulation consists in that that
there are hydrobiont's mechanisms for control of
heat flux and, besides, heating is directed not on
forming the heat boundary layer but on regulation
of mechanical characteristics of skin covers, the
latter being directed to control of coherent vortical
structures of boundary layer.

3. GEOMETRIC PARAMETERS OF BODY.

In conformity with hypothesis of research, at first the
geometric parameters of body and its parts (fins) are
considered. Geometric parameters have to provide
minimum hydrodynamic drag. Laminarized airfoil of
B-TSAGI series for airplane wing is shown on Fig. 1
at its top [25]. On the airfoil the boundary layer
remains laminar one on the extent of 80...90% of
wetted surface, that is such profile has minimum
friction drag and minimum thicknesses of boundary
layer and wake behind the airfoil. Below are the
vertical longitudinal projections of cetacean body: II -
Orcinus orca, III. - cetacean dolphin, IV - common
dolphin, V - coalfish whale, VI - grey whale; VII -
sperm whale, VIII - smooth whale. It is seen that all

bodies have laminarized shape. Moreover, the

geometry of body shape is such that resultant lifting
force for some cetaceans is directed upwards and for
another ones down. This is connected with way of life
and contributes to diving and rising to the surface. It
is to be noted that, from one side, cetaceans are able to
regulate the body shape unlike rigid bodies and can
change the direction of resultant force. From another
side, they have almost zero buoyancy and can move in
fluid with different position of the body. This promote
effective body manoeuvrability. On Fig. 2 one can see
the body shape of having been just caught cachalot
(sperm whale), and represented on Fig. 3 [29] are
bodies of revolution which are equivalent to trunk of
cachalot (1), coalfish whale (2) and dolphin (3) [17]. It
is seen that all animals belong to different speed
groups: high-speed dolphin has obviously laminarized
shape; as low swimmer but good diver, cachalot has
middle section located in the forebody part. Afl
cetaceans have well-streamlined body shape.

The shape of cetacean fins is also of optimal geometry
which corresponds to best airfoils [15, 25]. Fins of
_ cetacean are able to change their geometry, and tail fin
changes the span and profile shape cyclically in
process of oscillation [28].

4. SPEEDS OF MOTION.

In order to estimate correspondence of adaptations of
organism systems to hydrodynamic laws of body
flowing around it is necessary to know the real speeds
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of the hydrobiont swimming. Distingnished are three
typical speeds of swimming: slow swimming with
infinite time of motion, cruise swimming speeds which
can be maintained by animal for 15...20 minuts and
full speeds (rush-like) that are the maximum possible
speeds which can be maintained for several seconds
[17, 25). :

Thus, the speed of motion is determined by the time of
sustaining the loading. Besides, speed of motion is
determined by the size of motive musculature that is
dimensions and leugth of animal.

Shown on Fig. 4 is dependence for cruising mode of
swimming on duration of swimming for wild dolphins:
common dolphin (1), orca (2), white whale (3) and for
whales: blue (4), grey and sperm whales (5, 6), and
also for pro-dolphin having been trained (7), bottle-
nosed dolphin (8) and striped one (9). Experiments
with fishes in hydro-tubes represent: a - pulsed mode,
b - long-time, ¢ - migrating mode, and also sports
swimming of champions: d - with flippers, e - "free- -
style” method, and the last one: f - salmon of 0.18
meters length [17].

Comparison of hydrodynamic parameters for
hydrobionts of different type with technical objects is
shown on Fig,. 5[25]; | - fishes: a - trout, b - salmon, ¢
- vakhu, d - barracuda, e - tuna, f - sword-fish, g -
maco shark, h - blue shark; 2 - cetaceans - dolphins: i -
common dolphin, j - bottle-nosed, k - howling, | -
orca, m - white whale; whales: n - finback whale,
coalfish, fin-whale, blue, o - grey, humpback, sperm; 3
- transportation of light divers; 4 - self-propelled
inhabited vehicles; 5 - small submarines; 6 and 7 -
foreign submarines; KT and OB - regions of
parameters for hydrodynamic models having been
tested in cavity tube and test tank.

Majority of high-speed hydrobionts are just as good
as american submarines as to speed of motion, and
some of hydrobionts have the speeds more than those
of technical objects.

5. ENERGETICS.

The question arises, at what expense the high-speed
hydrobionts can move with such speeds. Presence of
laminarized shape does not explain the phenomena
found out. It may be suggested that there is a complex
of means of adaptation in organism structure for the
sake of observed swimming velocity achievement. The
hypothesis has been put forward that all is determined
by energetics of animal. Measurements of energy
capabilities (power to weight ratio) of some kinds of
high-speed hydrobionts have been carried out. Shown
on Fig. 6 are the power of basic and active exchange in
dependence of total mass for: | - dog, 2 - human
being, 3 - horse and dolphins (MC - porpoise, A -
common dolphin). Line 1-prime shows energetics of
animal in a state of excitement {17]. It is seen that laws
for warm-blooded animals are the same. The more
mass the higher power developed. Shown on Fig. 7 is
the dependence of maximum specific power output to
external mechanical work on duration of swimming
[17]. Curve 1 is predicted one according to
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approximating formula Qmax=1,73[In(1+T)]"% here T
in seconds, Qmax in W/N, 2 and 3 - physiclogical
evaluations for sportsmen - champions and well-
trained sportsmen. Experimental points: 1 - dolphin
jumps, 2 - salmon jumps, 3 spawning migration of
Siberian salmon; sportsmen: 4 - boat-racing, 5 -
running on track and uphill, 6 - exercises with cycle-
ergometer. Maximum speed of swimming as a
function of motion duration is represented of Fig. 8
[25]. The  designations are as follows:

,Umax = Umax /U:nax’ :l: ax = T;nax /Tr:mx’

qmax - qmax /qmax’ Umax - typical average

maximum speed of every species swimming at.
characteristic, for all species, swimming duration
T*=103 sec., q° - specific output of power at T=T".

There are some methods for finding the energy
capabilities of hydrobiont. One of them is based on
results of gas composition analysis of air breathed out
depending on fulfilled loading (work). Second method
deals with estimation of jump height and motion
kinematic during the jump. All measurement showed
that energy capabilities of high-speed hydrobionts are
of the same order as that of well-trained sportsmen, in
particular of olympic champions. - Phenomenal
differences as to energy capabilities of high-speed
hydrobionts were not found out. Discovered in
cetacean tissues was myoglobin which contributes to
accumulation and reservation of oxygen. Myoglobin
promotes the deep-sea diving and forcing the speed,
but does not exercise essential influence on magnitude
of cruising speed and energy capabilities.

Body shape and energy capabiliities do not permit to
explain the reason of the high swimming speeds.
Consequently, hydrobionts must have another means
of adaptation for fast swimming.

6. NON-STEADINESS OF MOTION.

All hydrobionts move along non-steady trajectory and
are flowed around by non-steady flow. There are three
types of hydrobiont swimming [17] (Fig. 9): -
undulatory (shake-like) type: 1 - Squalus acantias, 2 -
Rabidus furiosus, 3 - Heterodontus francisci, 4 -
Lampetra, S - Anguilla rostrata, 6 - Chlamydoselachus
anquineus, 7 - Lophotes, 8 - Gastrostomus; -
Scombroid type, when tail part of body oscillates: 9 -
Cephalorhyndus commersonil, 10 - Tunnus saliens, 11
- Lamna distropis, 12 - Katsuwonus pelamit, 13 -
Balcenoptera borealis, 14 - Pneumatophorus
garonicus, 15 - Clupea pallasii, 16 - Ladis
marocephalus, 17 - Oncorhyndins nerka; - fin-twinkle
type: 18 - tetraodon melengris. Shown on Fig. 10 is the
typical trajectory-of tail fin during scombroid mode of
motion (curve 1), with that the centre of gravity (curve
2) moves along straight trajectory. Cinema frames of
motion for high-speed bottle-nosed dolphin (at the
top) and low-speed Phocaena phocaena (at the
bottom) [17, 19, 25} are given on Fig. 7. Investigation
of kinematics of hydrobiont motion is as separate and
very important part of hydrobionics. A large amount
of experimental researches of kinematics of fish and
dolphin swimming has been carried out. Developed

were the theories which describe method of motion
and allow to calculate the hydrodynamic
characteristics of hydrobionts. A drawing-in force,
arised at the tail part of hydrobiont body, is
introduced into prediction. Measurements of pressure
distribution along the body showed that, when active
swimming, there is redistribution of pressure along the
body, which promote the laminarization of boundary
layer.

However the calculations have shown that even in this
case the drawing-in force and pressure redistribution
don't allow to explain the phenomena of fast
hydrobiont swimming.

Next problem is study the laws of non-steady
boundary layer on the dolphin body. On Fig. 11 there
is the general picture (pattern) of coherent vortical
structures development in the boundary layer of flat
rigid plate during laminar, transitional and turbulent
modes of flow [7]. Shown there below is general
scheme of morphological structure of outer layers of
dolphin skin and generation in the boundary layer,
with help of skin, of two types of coherent vortical
structures: sinusoidal wave and longitudinal vortexes.
Of course, this idealized picture in real non-steady
boundary layer on vibrating surface will have another
character (behaviour). Carried out were direct
measurements,  with thermoanemometer, of
longitudinal fluctuative component of velocity in the
dolphins boundary layer at different modes of its
motion [18, 19, 26]. On Fig. 12 curve 2 corresponds to
longitudinal fluctuative velocity along rigid body and
curve 1 [17-19] is that along dolphin body. It's seen
that transition to turbulence happens at high speed of
motion. Maximums of fluctuations are less for curve 1
and, what is most important, it is smooth that is there
are not large gradients of velocity change as it is when
flowing the rigid dolphin model. Fig. 13 shows that
value of fluctuations and their behaviour change
essentially, depending on modes of acceleration. Also
compared were distributions between fluctuative
velocity along dolphin body and its rigid skin (Fig.
14): 1...6 - points on the animal body at x/L=0,22;
0,56; 0,75; 0.8; 0.84; 0.89; 7 - data for rigid model at
U=4.7 m/s; 8..11 - data at passive swimming at
U=1.0, 2.7, 2.5, 3.3 m/s; 12...15 - active swimming at
the same speeds. One can see the essential difference of
fluctuations in the boundary layer of alive dolphin
and its rigid model. During active swimming the
boundary layer fluctuations are intrinsicly smaller
[26]. Magnitude of fluctuations determines the friction
drag. Thus, from those date it is seen that friction drag
of actively moving dolphin is considerably less than
that of rigid body. What is an explanation of results
obtained. To understand this one should consider
morphological structure of dolphin skin and its
systems.

7. MORPHOLOGY OF ORGANISM SYSTEMS.

In the centre of Fig. 15 there is classical structure of
dolphin skin by academician V. E. Sokolov [31-33]. In
outer skin layers one can see clearly the dermal nipples
and dermal rolls. At the left there is the scheme of skin
structure according to Surkina and Babenko [9]. The




basic distinction from Sokolov's scheme is skin
musculature and specific peculiarities of outer layers
structure shown below. Fig. 16 depicts the skin
development -during ontogenesis. This means that, as
embryoe developes, in its organism the signs appear
which have been developed in the process of many-
century selection. Dermal nipples and rolls arised in
comharatively recent time. Millions years ago the
dolphin skin was the same as we have. This testifies
that specific structure in the skin has appeared under
the action of force-type stresses of flow and was
directed towards friction drag reduction.

On Fig. 17 there are dimensions of transverse
microfolds on skin surface [9]. It is seen how the skin
layers in the region of microfolds peel, that is
connected with hydrodynamics of flowing the micro-
hollow. Shown on Fig. 18 on the right are the angles
of inclination of dermal mipples as regards to body
surface at different places along the body [9]. From the
left there is topography of dermal nipples inclination
angles along dolphin body. It is seen that these angles
of inclination correlate with gradients of
hydrodynamic loads on the body arised when moving
in water medium. Angles of inclination along the body
change essentially and are stipulated by
hydrodynamics of body flowing only.

Fig. 19 shows along-the-body direction of dermal rolls
in the dolphin skin [35]. Let remind that dermal
nipples are located in form of rows along dermal rolls.
Such location corresponds, as if, to streamlines in
boundary layer when flowing the dolphin body.

On Fig. 20 there is distribution of skin muscle along
the body of bottle-nosed dolphin and Phocaena
phocaena [34]. Skin muscle plays important role
during regulation of mechanical features of skin.
General scheme of location of motive musculature and
skin muscle along the dolphin body [2, 34] is
represented on Fig. 21.

Also longitudinal distribution of skin thickness both
as a whole and of separate layers were measured [10]
(Fig. 22). Near-surface thin layer has uniform
thickness along the body. More deep layers have
different thickness distribution along the body that is
connected with hydrodynamic functions.

Represented on Fig. 23 is general scheme of
circulatory system and innervation of dolphin body [1,
2] as well as typical pattern of web of circulatory and
lymphatic systems in a skin cover of mammals. In the
region of each vertebra there exists the autonomous
circulatory, lymphatic and innervative system which
control narrow circular areas of skin.

8. MEASUREMENT OF MECHANICAL
CHARACTERISTICS OF DOLPHIN SKIN

Peculiarities of structure of dolphin's organism
systems - show that there exist the definite
morphological means of adaptation directed, first of
all, on intensive section-by-section blood-supply of
skin  covers.  Autonomous  section-by-section
innervation of skin testifies about fast regulation of
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blood-supply and lymphatic system.. As it follows
from data represented on Fig. 12-14, 16, skin covers as
a result of long evolution have developed the
adaptations for decrease the power stress of friction.

In this connection it is of interest to measure the
mechanical characteristics of skin covers. On the basis
of analysis of skin structure, a mechanical model of
element of skin cover has been developed [3, 7].
Differential equation of motion for the model has
been made (Fig. 24), while making the coefficients of
the equation dimensionless ones ailows to define the
basic criterions of similarity.

Apparatus and techniques for determination of
mechanical characteristics of dolphin skin covers have
been developed [6, 7]. At first, measurements of skin
elasticity along the body were carried out with
specially produced instrument. Fig. 25 shows
topography of dolphin skin elasticity.

On Fig. 26 there are results of measurement of skin
elasticity distribution along the body for high-speed
(common and bottle-nosed dolphins) and low-speed
(Phocaena phocaena) dolphins as well as for having
been trained (a) and just cought (b) ones [6, 17]. It is
seen that in the middle part of the body elasticity
decreases and in tail part increases.

One of the most important characteristic is rigidity
determined as ratio of elasticity to thickness of
measured material. On Fig. 27 there are results of
measurements of skin rigidity for above mentioned
dolphins. The empirical equations of rigidity
distribution along the dolphins body were made [4].
On Fig. 28 there is distribution of elasticity parameter
for common (1) and bottle-nosed (2) dolphins at fast
and slow swimming. The shaded area corresponds to
optimal parameters for drag reduction. It is seen that
skin elasticity becomes optimal at fast swimming only.

Represented on Fig. 29 are the measurement results of
damping dolphin skin features determined by height H
of rebounding the metal balls of different mass M
from dolphin skin with respect to initial fall height Ho.
Plotted on horizontal axis is potential energy of
perturbation (by balls) which (energy) influence the
dolphin skin. It is seen the. relationship of damping
coefficient for skin of living dolphin is essentially
different from that for skin of sick or just the deceased
dolphin as well as from that for rubber-like and
constructive materials. The principal difference
consists in that that damping coefficient comes near to
100% at values of perturbation energy which
corresponds to energy of pressure fluctuations of
turbulent or transitional boundary layers [39].

Investigated also were another mechanical parameters
of skin covers: oscillated mass, coefficient of skin
tension, phase velocity of skin oscillations. All those
parameters become optimal ones, from the point of
view of friction drag reduction, at fast-swimming
speeds only.

9. INTERACTION OF BIOLOGICAL SYSTEMS.
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Mechanical characteristics of skin covers become
optimal from hydrodynamical positions at high speeds
of swimming only, it means that energetics of
organism is enough for swimming at low speeds.
When moving with cruising speeds the energy in not
enough and joined into the work must be the
adaptations for friction drag reduction, which were
acquired during evolutional development. Evidently,
the adaptations work during the interaction of all the
organism systems.

Scheme of section-by-section distribution of organism
systems and their interconnection is represented on
Fig. 30. It is seen that, in-the region of each vertebra,
blood and lymphatic vessels and nervous stems are
directed vertically upwards. It permits in a shoretst
way to provide with blood and regulate automatically
the blood current in outer layers of skin. Also two
layers saturated with horizontal layers of circulatory
systems are seen on Fig. 30. The layer of skin muscle
can regulate mechanical features of skin layers located
upper of this layer, and stress of motive musculature
changes, cyclically in time with propulsor, the stress of
all skin.

On the basis of analysis of organism' systems
interaction and Fig. 30, the following classification of
methods of interaction of biological systems has been
developed. As a result of such interaction, occurred is:
1. Regulation of shape of body and fins.

2. Regulation of geometric parameters of skin covers.

3. Adaptation of mechanical characteristics of skin
with help of both the skin tension by muscle and
the oscillation of elastic medium (skin).

4. Control of mechanical characteristics of skin with
help of systems of blood-circulation and
innervation.

5. Specific regulation of body and skin temperature.

6. Optimization of mechanical characteristics of skin.

7. Regulation of vibration on skin surface.

On Fig. 31, 32 it is shown how the regulation of body
shape happens. Conformity between dolphin sceleton
and motive musculature along the body is represented
on Fig. 31 [24]. Fig. 32 shows structure of organism
systems. When bracing the motive musculature, the
body volume and cross suction as well as body shape
can change itself due to large mobility and specific
structure of sceleton and lungs filled with air. On Fig.
33 it is shown how the shape of vertical fin changes.
Such change ocurres owing to specific complex vessels
and regulation of their blood filling [24, 25, 37].

On Fig. 34 it is shown how the thickness and shape of
skin covers change owing to specific structure of skin
muscle [1]. With that, along the body at fast
swimming, a longitudinal fold is formed.

Calculations showed that mechanical characteristics
of skin and its stabilizing the boundary layer features
can be changed essentially by small changes of body
diameter and thickness of skin cover.

Fig. 35 shows how elasticity of skin is regulated due to
changes of tension in skin with help of skin muscle [4].

Curves 1 and 2 denote elasticity of sick dolphin of
length L=2.4 m; curve 3 - for just the deceased
dolphin, L=2.55 m; for healthy dolphins: curves 4,5 -
L=1.9 mand curve 6 - L=2.2 m.

Shown on Fig. 36 are calculations of oscillations of
conical panel made with rubber IRP-1347. It is seen
that there are the resonant frequencies of oscillation at
which the maximum temperature of rubber heating is
reached.

In the process of motion dolphin represents the elastic
oscillatory beam. Skin surface can be represented in
form of conical elastic shell. Owing to specific
structure of skin and under-skin fat cellulose, heat
insulation of body from outer water medium is
realized. In this consequence, when swimming with
high speed, heating both the body and skin owing to
oscillation of elastic systems occurs. It is known that
elastic characteristics of flexible materials depend
essentially on temperature. Thus the adaptation of
mechanical characteristics of skin to external
hydrodynamic loads is realized.

On Fig. 37 there is the scheme of hydrodynamic loads
that act on a body of revolution which is similar, as to
shape, to dolphin body [7, 8]. Curve | denotes shear
stresses on the inner surface of skin; 2 - shear stresses;

"3 - static pressure; 4 - displacement thickness of

laminar boundary layer. It is seen that in certain
places of the body the gradients of hydrodynamic
loads are different. Accordingly, regulation of
mechanical characteristics of skin covers must be by
sections.

Represented on Fig. 38 is dependence for length of
section of self-regulation of damping the cetaceam
skin on relative maximum speed of swimming and
Reynolds number [25]: 1 - high-speed and II - low-
speed cetaceans; | - common dolphin, S - bottle-nosed
dolphin, 7 - howling whale, 8 - orca, 10 - porpoise, 11 -
white-wing porpoise, 12 - white whale, 13 - coalfish
whale, 14 - fin whale, 15 - blue whale, 16 - humpback
whale, 17 - grey whale, 18 - cochalot (sperm whale).

The warm-blood cetaceans provide the regulation of
elastic prorerties of skin with help of circulatory and
innervation systems. On Fig. 39 there is the scheme of
blood circulation in dolphin skin {5, 23}: 1 - venules, 2
- arterioles, 3 - epidermis, 4 - under-nipple layer, 5 -
derm, 6 - hypoderm, 7 - skin musculature, 8 - under-
skin fat cellulose, 9 - sceleton musculature; 1 and II -
first and second layers of horizontal location of vessels
respectively. Such horizontal two-layer structure in
combination with skin muscle allows to create a heat
screen and regulate effectively the thermal regime of
body and skin covers [5]. Complex vessels were found
out in under-nipple layer, which permits regulating the
heat transfer effectively.

Capillars of venules and arterioles in epidermis have
between themselves the straight cross-pieces, that
allows blood to flow effectively from arterial system
into venose one. Owing to specific system of
innervation such flowing can be controlled actively.



Owing to regulation with skin muscle the vessels may
become closed or opened at all. Thus, with help of
circulatory system, heat flux can from one side remain
inside the body and from another side be directed into
external layers of skin for change of mechanical
characteristics of skin. :

On Fig. 40 there is a prediction of specific heat flux
through unit of length of dolphin skin for common (1)
and bottle - nosed (2) dolphins. Curves 3 and 4 denote
calculations from below and from above respectively.
Calculations have been fulfilled according to formulas
from work [5]. As the base of calculations, taken were
measurements of temperature of exterior surface of
skin, which were carried out with different kinds of
living dolphins [5].

Measurements showed that at quiet state and slow
swimming the temperature of skin surface differs from
that of outer medium insignificantly, of the order
0.5°...0.7° degrees (Fig. 41) [5]. On fins the difference is
several degrees. At such difference of temperature the
thermal boundary layer is of no importance for
boundary layer stabilization.

At high speeds of swimming the blood circulation
increases and pressure in capillars of dermal nipples
increases too. Nipples become of bottle-like form [9],
Fig. 42. This happens also owing to vessels
contraction. With this, from one side, elasticity of skin
increases, however, from another side, damping
properties of skin increases due to specific form of
nipples. Thereby adjuistment of stabilizing properties
of skin onto optimal regime occures.

Vessels of lymphatic system have a system of valves
intended for flow of lymph in one direction (Fig. 43)
[2]. Undoubtedly, lymphatic system participates also
in generation of optimal mechanical properties of skin
covers,

To determine the optimal properties of skin covers,
theoretical and experimental investigations have been
carried out with analogs of dolphin skin cover. On
passive analogs of skin covers a range of optimal
parameters has been determined. Those data are to be
compared with results of measurement of mechanical
characteristics of skin covers and can, as a first
approximation, serve as landmarks for determination
of corresponding characteristics for artificial
(cynthetic) elastic coatings.

Executed also were direct measurements of vibration
of skin covers at different speeds of swimming [16, 25].
Calculations of mechanical characteristics based on
modelling approach showed good agreement with just
mentioned results. Besides, active oscillation of
external covers shows resonant mechanism of their
interaction with disturbances of boundary layer.

10. SOME EXPERIMENTAL VERIFICATIONS
ON MODELS AND DEVELOPMENT OF
ANALOGS OF SKIN COVERS.

Direct measurements of kinematics of dolphin
swimming have been carried out [12, 15, 17]. On the
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basis of processing the cinema frames and direct
measurent of dolphin body and fins, predicted were all
corresponding parameters on which basis the relations
on Fig. 44 were built [17]. Curves 1 and 2 denotes
relations for laminar and turbulent boundary layers
on flat plate respectively. When dolphin moving with
different accelerations the curves mean: 3 - a=0,35+0,7
m/s2, 4 - 0,1<0,3 m/fs?, 5 - 0,0:0,07 m/s2, 6 - -
(0,08+0,15) m/s2, 7 - motion by inertia with put-off
engine.

Obtained with quasi-stationary approach the
coefficients of dolphins hydrodynamic drag, whose
propulsor is considered as working one in the regime
of flapping wing (points in double small circles), are in
all cases approximately twice as much than those
obtained at the same regimes of dolphin swimming,
whose propulsor generates thrust by bending-
oscillatory movements of all the body (points 3-7).

The bigger (longer) regime of accelezation and the
larger body stress the smaller body drag. In this case
all organism systems begin operating in the work.

Comparison of drag for dolphin and models is on Fig.
45: 9 - laminar, 10 - transitional and 7 - turbulent
flowing around the rigid plate; 8 - drag of rigid body
of revolution in turbulent mode; | - dolphin drag
predicted according to theory of flapping propulsor; 2
- dolphin drag at active braking; 3 - dolphin drag
(L=2.2m) when moving on inertia; 4 - numerical
calculation of drag of equivalent rigid body; 5 - drag
of dead porpoise when towing in basin (dolphin
dimensions 1x0,21x0,25m); 6 - drag of model
"Dolphin" with profile of body of revolution NACA-
66; 11 and 12 - experiments by Kramer {14, 17, 25].

Tests on analogs of skin covers of dolphins [7] are

represented on Fig. 46, 47. Fig.46 shows’
measurements of oscillations propagation on rigid

surface (from the left) and on two types of elastic

plates. Fig.47 describes measurements of drag of

elastic plates.

Developed constructions of elastic plates which model

the skin covers of dolphins [7] are shown on Fig.48.

11. CONCLUSIONS.

Adduced results of hydrobionic investigations as an
example of cetaceans with consideration of main
hydrobionic principls permit to confirm that there is a
complex of adaptations for high-speed marine animals
drag reduction.

On the basis of research carried out it is possible to

conclude that a number of means of adaptation has

been found out which:

— function separately/simultaneously depending on
swimming mode

— interconnect toward achieving higher results, in
particular for increase the efficiency and drag
reduction

- influence as active control with feedback system

— have been modelled and tested with different extent
of approximation to real properties.
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In mature all adaptations are interconnected. However
for technical applications .individual systems
optimisation may be used. Peculiarities of body shape
and fins shape, of push-motion complex, polymer
injection system for high-speed fishes of kinematics
motions, also regularities of unstady motion and body
oscillations, peculiarities of resonant mechanisms and
so on were consider in detail acording to analog plan.
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TURBULENT BOUNDARY LAYER OVER A COMPLIANT SURFACE.

Voropaev G.A., Rozumniuk N.V.
Institute of Hydromechanics, National Academy of Sciences of Ukraine
8/4 Zheliabov Str., Kiev, 252057, Ukraine

Summary.

Numerical results of modeling of turbulent
boundary layers over deformable viscoelastic
surfaces are presented. A qualitative interpretation of
friction drag reduction on a deformable surface is
given. Quantitative characteristics of interaction of a
turbulent boundary layer  with the deformable
surface at various .magnitudes of parameters
describing viscoelastic properties of the material are
obtained. :

1, Introduction.

During the time after Kramer’s publication [28],
a large number of both experimental and theoretic
works have been performed to investigate a back
influence of the surface which is deformed by flow
pulsations on the structure of laminar or turbulent
boundary layer. As a rule, first experiments [1,28]
investigated how the integral characteristics of
bodies with polymer coatings differ from those on
rigid bodies of the same shape. Friction drag
reduction was attributed to delaying transition from
laminar boundary layer to turbulent one.

First theoretic works of Benjamin [13], Landah!
[29], Nonweiler [35], Korotkin [9] was also devoted
to the laminar boundary layer stability on a
deforming surface. But these results stated new
questions rather then asked the question what is
possible interaction mechanism of the deforming
surface with flow disturbances. It was shown there,
that delaying transition is possible on a deforming
surface, but the coating parameters were not in
accordance completely with the Kramer's coating
ideology. At the same time, the experiments of
Kozlov, Babenko [7] on the laminar boundary layer
transition on viscoelastic coating verified the
transition point displacement towards high Reynolds
numbers and, that is the most important, showed that
the disturbance amplitude enlarging rate decreases
as compared with that for laminar boundary layer
on rigid smooth surface. But even qualitative
confirmation of some insignificant delaying of
transition could not explain quantitative friction drag
reduction at high Reynolds numbers.

The experiments of Blick [14], Lissaman [33],
Hansen & Hunston [24], Babenko [2], Semenov{11]
investigated the internal structure of the turbulent
boundary layer together with friction drag.
Longitudinal velocity U profiles and the Reynolds

stress —uv,u® were measured in different section of

the boundary layer on a compliant surface. Blick
[14), Lissaman [33]), Babenko [2], Semenov [11]
reported friction drag coefficient reduction that
correlates with turbulent pulsation intensity
reduction and viscous sublayer thickening.
Logarithmic velocity profiles for streamlining over
different surfaces have the same slope in the
*logarithmic region” that means the Karman's
constant « is the same for different boundary layers.
There was not detect any noticeable change of
turbulence anisotropy in the near-wall region of the
boundary layer. Some anomalous behavior of
u,, —uv,u’ obtained by Blick was corrected by
Lissaman. But these articles did not contain any
information' about the deforming surface behavior
during interaction with flow, and therefore the
conclusions could not contain any recommendations
how to choose the coating material a priori, except
those parameters which was suggested by Kramer.

Further, both the turbulent flow characteristics
and spatial and temporal quantitative characteristics
of the streamlined surface displacement amplitudes
were studied by Bushnel & Hefner & Ash (BHA)
[15], Gad-el-Hak [22,23], Lee & Fisher & Schwarz
(LFS) [32]. The coating material was chosen based
on theoretic evaluation of the coating reaction to
fluctuate load which are equivalent to those referred
by Duncan [19] and Buckingham & Hall & Chun
[16]. In the USSR, analogic evaluations were done
independently by Voropaev [3]. '

It must be noted, that the BHA's and Gad-¢l-
Hak's conclusions differ essentially from LFS's
conclusions. Gad-cl-Hak proceeding from his
researches supported the hypothesis suggested by
Bushnel. The essence is that the coating is capable to
friction drag reduction, if short running waves of
large amplitude appear on its surface, i.e. kinematic
interaction of the boundary layer disturbances with
the deforming surface takes place. It is only possible
for low-dissipate coating material at shear modulus
G<p,U?, where p, is the material density, U, is the
flow speed, i.e. for such the coating parameters at
which inherent oscillations of the coating will show
themselves. :

LFS obtained friction drag reduction at G>p,U?

and small (much more less than the viscous sublayer
thickness) amplitudes of the surface oscillation, that
means absorbing nature of the interaction
mechanism.
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Last 10-15 years, the boundary layer stability and
initial stage of the disturbance evolution in laminar
boundary layer at varied boundary conditions were
analyzed by Carpenter [18,19], Kirejko [6], Yeo
[40,41], Thomas [38] using both linear and quasi-
linear treatment.

Theoretic evaluations of a possible dissipative
mechanism of interaction of a turbulent boundary
layer with the absorbing coating at G>p, U is

suggested in [8], based on the k-¢ model for the
turbulent boundary layer and a flow boundary
conditions at the partition boundary of mediums.

2. Theoretic model.

Usually when a turbulent boundary layer
characteristics are studied, they are separated rather
relatively in mean and fluctuate ones. The
investigations of these both characteristics are
conducted by means of direct physical
measurements, as well as simulation of such flows
on basis of elaboration and solution of closed
systems of equations and boundary conditions.

Determination of dependencies of turbulent
characteristics on dimensionless flow parameters
" (Re, Fr, Pr,Gr), as well as a type and quality of the
streamlined surface permits to systematize
experimental data and formulate laws of these
- characteristics or their combinations variations, that
provide a possibility to plan new experiments.

This process is often called numerical
experiment. If the model describes adequately a
turbulent flow in varying conditions, then results of
the numerical experiment often compete with those
of expensive direct physical experiment

The problem of interaction of a turbulent flow
with the deformable surface of viscous-elastic
medium includes the system of differential equations
for parameters describing movement of fluid and
oscillations of viscous-¢lastic medium under action
of disturbances in the flow over some undisturbed
surface, as well as  boundary conditions for
displacements or velocities and forces on partition
boundary of two mediums. -

2,1. To describe a movement of viscous,

homogeneous  and incompressible liquid, the
following equations are used:
%_.g.(f]grad)ﬁ =—lgl’ad P-v.rot-rot ﬁ;
p
div U=0,
and for viscoelastic medium:
62- _
Z2-Ld,

where L(E) is a generalized viscoelastic operator.

Though it is impossible to solve this classical
system of equations at large Re numbers exceeding

some threshold Re values,
boundary conditions.

Therefore it is necessary to design a model of
turbulence, i.e. a system of equations describing
adequately  turbulent flows at fixed sets of
parameters characterizing such flows.

Nowadays the Reynolds stress transfer model
named after the Launder-Reece-Rodi model [30] is
the most informative turbulence model. It permits to
obtain as mean velocity profile as the Reynolds stress
components, and to conclude about energy balance
components at each points of flow, as well
Application of this model to the boundary-layer
problems has required to introduce the nearwall
functions and to modify the model equation for
dissipation velocity, that permits the no-slip
condition for the Reynolds stress to be satisfied.

In a boundary-layer approach, the model system
of equations is the following [5,39]:

even at a simplest
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where P, are components of production tensor, ITj
are components of energy redistribution tensor;
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where w} , =}, are the additional redistribution

tensors [30] appeared owing to the wall influence

and satisfying the condition:
~ g, =0.

The wall influence function has been written as:

f(ﬁ) =_l&.[1+ 1+‘A_‘
y R, u R, ]
The nearwall functions f,, f, f; are:

f, =[1-exp(-a,R,)] 1+;—*';

f =1+08e™; f, =1-02e™,
K2 2 )
where R, = y; R, =k—, A, a, a, are the
v v&

model constants.
The kinematic coefficient of turbulent diffusion is

assumed to be equal to:e_= C(ka/s; (C. =012
and in the equation for dissipation velocity
C, =015). :

The dissipation velocity tensor is [31]:
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uu; 1
Sij=fs 2k 8+(1—fs)§5l18,

where f, =1/(1+006R,).

Assuming the turbulent flow to be homogeneous
statistically over a deforming surface ( without
resonance effects of eigen frequencies of the surface)
the application of Reynolds's averaging to the
problem of streamlining over a deforming surface
results in the analogical system of equations with the
boundary conditions for Reynolds stresses and
turbulent diffusion components on the deforming

surface:
-wu) =t -up =Y,

and usual conditions of undisturbed flow far from the
surface.

2.2, Movement of incompressible viscoelastic
medium movement can be described by the system
of linearized equations of motion;

o’ _

PERRREE A

with the dynamic boundary conditions imposed at

undisturbed partition boundary of two mediums:
Gnlo =-p’; Gzllo =1

where p’, T are  pressure and shear stress
fluctuations on the surface.

For isotropic  incompressible  viscoelastic
mediums, the shear modulus is determined by the
decay function which may be simulated by the
exponential function:

N
RO =Y pye V.
=0

In a case of harmonic load, it is possible to
obtain a frequency dependence for the shear
modulus:

wWe) =p, (o) +ip, (o)

)

2
N T, OT.
=po+Zp.j ( ’) —+i L
= l+((0‘tj) l+(0)‘tj)
Assuming the volume modulus K to be independent
on time (K=A+2/3u), we can also obtain an
expression for M(e).
Thus we can use a convinced expression for stress

Gy

o, = M0)83, +2[(0)e,

TR
where O=¢;, g; =%(§i—+%}
i i

Eigen values analysis of viscoelastic coating [8]
permits to select such range of phase velocities of the

- load at which the eigen frequencies do not show

itself and the coating response to the boundary layer
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disturbances is homogeneous in whole range of

- frequencies. Proceeding from this conditions, the

. the undisturbed surface:
—;l_u_;=——m’ -9,)
— 1
=20l 42 2 e Jsino, -0 + S )
1

§=; el

- 1

u = 5 »2Je,| tan’s,

2
where o, =H— U’—u ; 9=amtan9—’£’—, and
5’ v u

principle of nonresonance interaction of a boundary
layer and a viscoelastic coating has been formulated.
Once we determined the amplitudes of surface
displacement and dissipation velocity inside of
coating at a unit load, it is possible to define
boundary conditions for characteristics of the
nearwall turbulence at arbitrary Reynolds number.

In absence of resonance (U, <\/Ho/ p), the
averaging by the all wave numbers per unit time

does not cause any problems and it is possible to
obtain linearized values of Reynolds.stress carried to

Jmax
the amplitude of the surface displacement is
determined using the calculated values of the
function By(®) (normalized amplitudes at the unit
load) and the pressure fluctuation intensity at the
coating surface;

2

K, U, .,
& Hﬁ(&))H I'Iﬁ() M u,,

where H is the coating thickness, u. is dynamic

velocity.
Then
— 1(H)’
:=E(€) ('.,m+u Re, Ckz) u,;
2
u; =](—I§} CLi; @
712 s
—\11\12 -—0
.5 .
u : Kp is

where C,; =K B (m) | | Re,

Kraichnan's parameter, 8 is local boundary layer
thickness.

Taking into account that we dealt with one-mode
approach the stresses are determined by energy-
carrying frequency o, =U, /3, dynamic frequency
of flow @, =u’ /v, the amplitudes &, and do not

depend practically on phase shift between them .

because @,<pxn2 for isotropic materials of

viscoelastic layer. Therefore regularly oscillating
surface does not generate the Reynolds shear stresses
on the surface, i.e. —u,u, =0, or generated shear
stresses became to be negative under oscillations
decaying in time.

Thus, assuming the surface oscillations to be
regular we qualify a possible friction drag reduction.
Zero values of the shear stresses permit to assume
that the turbulent viscosity coefficient in the
nearwall layer is the same on a deforming surface in
comparison with a rigid smooth one.

While oscillating, the viscoelastic coating absorbs
fluctuate energy of the flow, where dissipation
velocity is determined by diffusive flux of fluctuate
energy through the boundary, that is equal to the

Poiting's vector p'u,. On the surface of an
absorbing layer, p'u, #0, while at ideal elastic

surface or rigid one, p'u, =0, and consequently , the
cocfficient of turbulent diffusion in a turbulent
boundary layer on the absorbing surface is not equal
to zero;

1 H Bz(m)PUf, 2 ~4
-u - == = K
2P SU° 43 ()] LY(@)U]
1H ., _.
=Z—8—'C“ﬂ,, (5)
-~ wp 1. WA,
€ = §_4Ckskm kq,
n B
where
Co=K,Cot(@), A==, ¥ =yu./v, Ky is

energy of oscillating surface, and consequently,
dissipation velocity on the boundary is:

€= _a_ (_1_ +5 ) ék:
Gij\Re Y|

Thus, boundary conditions may be
characterized .by three parameters: Cy; and Cy, are
responsible for additional generation of turbulence
energy for account of nonzero Reynolds stresses on
the boundary; Cy; is responsible for additional sink
of fluctuate energy from turbulent boundary layer
into the coating. It is more conveniently to use in
calculations the generated coefficient
Cd; = Cy ;H /8., which connects dynamic velocity

of the flow with generated stresses.

3. Calculation results.

The boundary problem (1)-(5) has been solved by
finite difference technique on the 5-dot template of
nonuniform grid [10].

Calculation results for local and integral
characteristics of turbulent boundary layer on a rigid
smooth surface are shown in Fig.2, as well as LFS’s



results at corresponded Reynolds numbers based on
the momentum thickness (+ - Re..=897, * -
Re..=1349, ¢ - Re..=1952, x - Re..=2347). Integral
drag coefficient calculated along the plate length is
represented in Fig.2e in comparison with two
empirical curves which approximate a great number
of experimental data mentioned in [32]. All this
results were obtained at the model constants written
in the Fig 2.

The results of numerical experiments for
streamlining over the plate at fixed Re number are
shown in Figs.2-9. There were varied the parameter
Cd, describing additional generation of turbulent
stress on account of normal amplitudes of the surface
oscillations, and Cd; describing intensity of
absorption of fluctuate energy. The parameters vary
in limits Cd~(0+3-10"%) and Cd; ~0+1.

Calculation results for boundary layer thickness,
displacement thickness and momentum thickness
along the plate are shown in Fig.3a,3b. When
intensity increases, boundary layer thickness grows
more fast on the oscillating surface and more slowly
on absorbing one, than that on the rigid smooth
surface. Friction drag of the plate increases on the
oscillating surface in comparison with that on rigid
smooth one by 8™ /3, —1=005. Drag reduction by
11% has been obtained on the absorbing surface that
coincides with the results of [32].

Curves of drag coefficient variation along the
plates are shown in Fig4. The friction drag
coefficient increases at additional generation of
turbulence and decreases at absorption of turbulence
energy. But when insignificant additional
generation of turbulence energy occurs (Cd; = 1:107)
we can only observe influence of the oscillating
surface on the beginning part of the plate where the
boundary layer thickness is small and viscous
sublayer is thin. When the boundary layer thickness
(viscous sublayer thickness) increases, the dynamic
roughness does bring a noticeable change in the
integral result. Further development of the boundary
layer is similar to that on rigid smooth surface with
somewhat larger the boundary layer thickness. We
can see coincided velocity profiles (Fig.5), profiles of
kinetic energy of turbulence (Fig.6) and dissipation
velocity (Fig.8) in the section at x/L=0.94.

The curve 1 on Fig.5 corresponds to the velocity
profile on the rigid smooth surface, 2 corresponds
to Cd,=3-10%, 3 corresponds to Cd;=5/Res. At
Cd;=1-10>, the velocity profile coincides with that
on the rigid smooth surface. Thus, if a memory effect
exists along the boundary layer thickness, i.e. local
increase in friction on the trailing edge of the plate
results in total drag increase of the whole plate, than
the effect can not be seen in measurements of the
velocity profile in dynamic variables on the
oscillating plate in sections close to end. Therefore

the velocity profile in dynamic variables only reflects
local effects, practically do not taking into account
previous history. The curve 4 shows the local friction
drag reduction, that is accompanied by relative
growth of viscous sublayer. The velocity profile in a
core of the boundary layer (70<y'<1000) lies in
parallel to the logarithmic profile, that shows the
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constant x does not vary in the boundary layer on a -

damping surface.

Energy grows somewhat in the viscous sublayer
on oscillating surface at Cd, =3-10° in comparison
with rigid surface (Fig.6). Turbulent energy
maximums in the boundary layers coincide
practically by magnitude and their location relatively
the surface. At Cd; = 5/Re;, turbulent energy in the
boundary layer on the absorbing surface is much
more less through whole the boundary layer
thickness. Energy maximum on deforming surface
less by almost 20% than energy maximum on rigid
smooth surface and displaced from the surface to
~y'~32 while maximum k on rigid plate lies in the
region of y'~20..

Coincident velocity profiles in sections close to
the end of the plate correspond to coincident shear

stresses —u,u; /u> on the rigid smooth surface and

oscillating one (Fig.7). In the nearwall region, at
y'<80, shear stresses are less on the absorbing
surface than those on the rigid smooth surface, and
they reach maximal values more smoothly. Far from
the wall, shear stresses in dynamic variables
practically do not depend on a type of the
streamlined surface.

The most variations in turbulence energy
dissipation velocity appear in a region of viscous
sublayer (Fig.8). Dissipation velocity tends to zero
on the oscillating surface, while it reaches absolutely

maximal value in a boundary layer on the absorbing

surface, and in region 5<y’<20, it is essentially less
then corresponding values of dissipation velocity in a
boundary layer on the rigid smooth surface.. Thus,
typical time (k/c) of turbulent structures existence
near the surface varies. So, turbulence degeneration
is more intensive on the absorbing surface than that
on rigid one, and typical time in a viscous sublayer
on the oscillating surface can have a concrete
magnitude. Therefore, a viscous sublayer can not
exist on the oscillating surface in usual
understanding, like to that on a rough surface. At
[E>v/u., it results in increase of mixing near the
surface. A size of the mixing area is proportional to
the root-mean-square value of the surface oscillation
amplitude. Hypothesis of gradient diffusion is not
applicable in this area. But, at small amplitudes
(|E<<8), the integral scales do not vary and the
inaccuracy introduced by hypothesis of gradient
diffusion can only be visible in the area y'< 2, where
it is comparable with viscous diffusion.
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In addition, when the surface is deformed so that
wave length is small in comparison with the
boundary layer thickness (a>>1), at certain phase
shift @ between maximum energy disturbances and
the surface displacement, and at certain phase
velocity of the surface travelling wave c, such
velocity pulsations appear which provide negative
viscous diffusion near the surface (Fig.1). As a
result, the area of maximum turbulent stresses moves
away from the surface. -

0.6

M T\

0.2 / s
O \,‘l \“
0.2 ' :

; o e
! \ K /
0.4 ! el
' L
-0.6
0 0.2 0.4 0.6 0.8 c 1
«=16.
---------- a=12.
Fig.1.

The domains enclosed by the curves correspond
to such magnitudes of @ and c at which the viscous
diffusion is negative near the surface.

Experimental results are absent in this field,
therefore it is impossible to confirm or disprove this
statement.

An indirect confirmation can be given by
numerical solutions of the linearized Navier-Stokes
equations in approximation of Stenberg on the
oscillating surface.

Moving away from the wall, at y™S5, the
turbulent diffusion coefficient becomes to be less on

the absorbing surface, and diffusive flux of

turbulence energy decreases, that leads to
deceleration of the boundary layer thickness growth
and consequently, to friction drag reduction.

For stable flows, as it was noted, we can observe
practically unequivocal connection between dynamic
velocity and energy balance components at changing
both Re number and conditions of the flow (for
example, a flow of polymer solutions). This fact
confirms universality of the dynamic velocity as a
scale parameter, but does not make more clear
physics of energy balance formation,

In turbulent boundary layers on a plate and in a
pipe, on greater part of boundary layer thickness or
pipe radius, the energy balance is determined by
local equality of production and dissipation. In direct

vicinity from the surface, the turbulence energy
dissipation is counterbalanced by viscous
diffusion,.Far from the surface, the last can be
neglect. At last, in the layer "of constant stress" and
on external border of the boundary layer or on axis
of the pipe, where all these quantities are small in
comparison with their maximal values, turbulent
diffusion is comparable with production and
dissipation,

There always exists a thin area of boundary
layer, from the surface to the layer "of constant
stress”, which corresponds to such flows at large Re
numbers, where the cross pressure gradient is
small. This area is of shares of percent from the
whole boundary layer thickness (0.005+0.013), and
it is responsible for formation of maximal values of

the Reynolds stress (in the first place, u®) and
dissipation velocity e. Therefore, very small
variation of turbulence energy in the nearwall
region can results in a significant variation of
friction drag. Such variation of energy can provide
fluctuate energy absorption by viscoelastic coating
in nonresonance area of interaction on a wide
enough range of frequencies.

All the components of turbulence energy
balance (production, diffusion, dissipation and
redistribution ) are comparable by magnitude in a
region of their maximal values, that requires an

appropriate level of simulation. Fixing a certain
energy balance of total turbulence energy, it is
possible to analyze present structure of the flow and
its integral characteristics, but practically we could
say nothing about a reason of this state. It has
already been shown in the work 8], that turbulence
energy diffusion coefficient variation can results in
energy balance with less values of turbulence energy
intensity and dissipation velocity, and consequently,
in reduction of u..

This statement, giving explanation to the fact of
changed energy balance, describes only
schematically the mechanism of establishment of
this balance in terms of (k-€) model, connecting this
result with change of turbulent viscosity coefficient.
So, anisotropy of the Reynolds stress tensor
components in the nearwall region of turbulent flow
emphasizes unequivalent influence of the
streamlined surface on the turbulence energy
components and, consequently, on mechanism of
redistribution, as well.

Calculations of the turbulence energy
components and shear stresses on the deforming and
the absorbing surfaces has shown that longitudinal
component of fluctuate energy and turbulence energy
dissipation velocity are the most varied, and it
occurs in the nearwall region only.

At the same time, calculation results for terms of
the equation of turbulence energy conservation have
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" anisotropy rate

demonstrated the qualitative difference of the
balance components during streamlining over
various surfaces. So, streamlining an absorbing
surface, there is energy changed considerably
production of the longitudinal component of total
fluctuate energy, which is equivalent to production of
total turbulence energy in whole at interaction of
disturbances in the flow with mean flow, because

direct production of the components v> and

w2 may be neglected in a stable boundary-layer
flow. These components receive energy on account
redistribution from component u? only.

Behavior of diffusion and turbulence energy
dissipation velocity varies qualitatively. When the
fluctuate energy absorption is Cd;>3/Re;, then
maximums of these variables reaches the absorbing
surface, while the maximum of production moves
away from the surface (Fig.10). Distribution of the
conservation equation component in a turbulent
boundary layer on the oscillating nonabsorbing
surface  repeats qualitatively behavior of
corresponding components on the rigid smooth
surface, even at large values of the surface oscillation
amplitude.

On basis of calculation results for turbulent
boundary layer on the absorbing surface, we can see
interrelation of energy frequency @, ~ Uy/S [17] and
dynamic frequency o, =u’/v with coefficient of
anisotropy of turbulence q=v’/u® and with
variation of friction drag coefficient. So, at >,
the coefficient of anisotropy q decreases in
comparison with boundary layer on rigid smooth
plate, but friction drag grows. At @.<a», the flow
remains the same or grows
somewhat, and friction drag changes proportionally
to the Reynolds stress intensity.

If to assume behavior of the components of the
stress tensor near a surface to be described by the
following dependencies:

u xa-yi+

viab-yt+.;

w?mey'+..,
then redistribution II;; is equivalent to the
dissipation velocity at y—>0 in the boundary-layer
approximation, i.e.:
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NON-LINEAR NONSTEADY EFFECTS
IN THE HYDRODYNAMICS OF THE OSCILLATING WING

S.A. Dovgiyv
Hvdromechanics Institute, The National Academy of Science of Ukraine
8/4 Zheliabov str., 252057 Kviv,Ukraine

SUMMARY

The article presents the analvsis of the nonsteady
hvdroaerodynamic characteristics of the oscillating wing
with the infinite span performing the function of the
propulsor. The results are received for the non-linear
theory by means of the discrete vortices method. The
comparison of dara is conducted based on the quasi-
steadv approach, linear and non-linear theories. It is
also noted that for those modes of the wing motion
which are able ro simulate the operation of the wing
propulsors of hydrobionts, valid results can be given
with the help of the nonsteady theory only.

THE LIST OF SYMBOLS

b wing chord
1 oscillations frequency
I vortex street width
/ vortex street step
Y wing's heave coordinate
7 angular oscillations amplitude
a linear oscillations amplitude
U, progressive wing velocity
U* characreristic velocity, U,
a angle of artack
p* Strouhal number, 2zvb /U *
-olative wi , : *

A, relative wing velocity, 1 / ap
T oscillations period
T dimensionless time
w velocity in the nearest wake
P pressure in the nearest wake
AP pressure differential on the wing
R main vector of external forces
Cr thrust force coefficient
C, suction foree coefficient
Cy lift force coefficient
Cy normal force coefficient

N
Cy leading edge moment coefficient

Cy p  bressure drag coefficient

Cyxp  frictional drag coefficient

Cy output power

Cw input power

17 phase shift between Cy and y

7 etficiency '

ky reduced thrust coefficient. ¢, /(a?p)
ky reduced power coefficient, ¢, / (a'p™)
ky reduced. lift force coefticient, ¢, /(a p)
Subscriprs and superscriprs

k quasi-steady theorv

L linear theory

- Averaging svmbol for the period of oscillations

INTRODUCTION

The major part of the theoretical papers in the
nonsteady hvdroaerodvnamics of the wing-propulsor are
fulfilled on basis of linear theories. The linear theories
are still traditionally more developed ones. This is
mainly connected with fact that the npon-lincar
approaches need the clearing of grear mathematic and
computational difficulties. In the available scientific
literature there are few papers specially devoted to the
comparison of results of the non-lincar and linear
theories, the analysis of the effects of nonstationarity.
displaving in the non-linear statement of. the problem

[t.11].

The most effective method for the solution of rthe non-
linear nonsteadyv problems of the wing rtheorv at present
is the discrete vortices method.[1. 2. 5]. The main
advantage of it consists in the universal approach 1o the
solution of various problems. in particular. the plane
and spatial ones. The author of the present paper
together with his colleagues accumulared a good deal of
experience while solving various non-lincar nonsteady
problems on the motion of oscillating wing and wing
svstems using this method as well as an experience in
the carrving out of numerical and physical experiments.
(see, e.g[3-12]). The results of the present paper are
received on basis of the following assumptions: the wing
with infinite span is moving in the non-limited fluid
and performs reciprocating or angular  harmonic
oscillations in a predetermined manner. the fluid is
supposed to be ideal, incompressible, and the fluid
stream-vortexfree. These assumptions let us reduce the
solution of the physical problem to the non-linear
initial boundary value problem for the velocity
potential. The main feature of this problem consists in
the fact that at everv time moment there is a part of
the potential existence field boundary - the boundary of
the vortex sheet (vortex wake) unknown. The
investigation of the vortex wake evolution behind the
wing is one of the most difficult issves of the nonsready
theorv. At present it can he solved with the sarisfactory
degree of precision for many cases using the vortex
method and basing on the conservation feature of free
vortices circulation.

COMPARISON OF THE NON-LINEAR THEORY
WITH THE OTHER THEORIES

The characteristic property of all approaches based on
linearization consists in the fact that the vortex wake
form is postulated in advance. There arc three
approaches known:

1. The position of free vortices trailing from the wing is
carried onto the plane (line) which is parallel to the
velocity of the external flow. The velocity ol their
motion is considered to be equal to the velociry of the
external flow [13-15].

1. The form of the vortex wake “follows™ the track of
the wing's trailing edge motion. In case of harmonic
oscillations the wake form is also a harmonic funetion. .

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held in Kiev, Ukraine, 1-3 September 1997, and published in R-827.
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III. The inverted vortex street observed in the
experiment is simulated by two vortex rows. The

condition of the stabilitv A /[ = 0281 is introduced

from the classical Karman theory.

Having restricted the values of 7 to small ones, it is
possible to observe the linear forms of the vortex sheet.
However, when continuing the calculations until great
values of time are achieved, we will see the appearing of
disturbances. their development and creation of spiral
curls. The experiments also show that even under small
disturbances caused in the flow by the wing the wake
differs essentially from the Schemes I and I that are
stipulated by the linear approaches. And the more the
amplitude and the frequency of oscillations are, the
more this difference is. As 1o Scheme III, so it is
unsteadyv rthat is proven by manv authors in a
theoretical wayv. So, it is necessary to attract the non-
linear approaches tor the description of the real flows.

Apart from the linear approaches that make it possible
to take into account the nonsteady effects, the quasi-
steadv approach is also widelv used in the engineering
applicarions. This approach is based on the hypothesis
of stationarity and gives the satistactory results for the
progressive oscillations with the relative wing velocities
4, 2 4. Some inconvenience of this approach, besides
from the restriction on 4, is connected with the fact
that it demands the knowledge of values of steady
characteristics of the wing used.

The comparative investigation of the oscillating wings
characteristics based on the aforementioned approaches
is a matter ol interest. As we are interested in thin

wings only. it is natural to regard the projections of

steady values of lift force for the plane plate in the
velocity coordinates system as the instantaneous quasi-
steadv values:

Cy (1) = 2xsina(r)cosa(r),

N 1)
Cp (1) = 27sin” a(r).

For the cases of the linear and non-lincar theories the
thrust foree was determined by the projection of the
main vecror of external forces R(7) onto the direction
of the averaged wing's motion. As in the case given this
direction is parallel to the wing chord. so the thrust
force will be determined fullv by the suction force and
the lifr force will be determined by the normal foree. :

Cr () = Co(r),
(:)' ( T) = (:N ( l').
Apart from the thrust coefficient. the second important

characteristic of the oscillating wing that performs a
funcrion of a wing-propulsor., is its efficiency coefficient.

_Ge (@

n==r,
Cy ()

where Cy- - is the averaged ourput power, spent for the
ereation of the thrust effort, Cy - is the averaged
input power 1o the wing during the period. which can
be found using the equations:

—_— 1 ro+T
C“, =-= I UO.\'CT(r)dT'
—_— 1 ro+T (2)

-7 [ U (r)Cy (r)dr.

Tu

By
1

For the case of progressive wing oscillations with the
amplitude a = 0,05 and the frequency p =10 in the

Fig. 1 the values of the angle of attack «, the reduced
thrust coefficient &y and the reduced power coefficient

ky for the oscillations period are represented. The
Curves 1 show the quasi-steadv approach (1); the
Circles 2 show the linear theory; the Curves 3 show the
non-linear theory. It can be seen that for this mode of
oscillations the quasi-steadv approach is not able to
reflect the real situation either qualitatively or
quantitatively: the instantaneous values of Ay and

ky- differ both in the amplitude and in the phase.
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Fig. 1

and  ky. " does not have the sections that are
characteristic for the nonsteady modes when the part of
the power that is given to the fluid by the wing,
returns to the wing - (the negative values of &y ). The
simulation of the wing oscillations on basis of the linear
theory describes the bahaviour of k; and Ay in a
qualitativelv  correct way; however, although the
oscillations amplitude is small, the differences in

amplitude and in phase can already be observed for the
reduced power coefficient.

Now, let’s clear it up what is the trend in the bhahaviour
of kTK .k and pg . n for the values of the relative
wing velocity 4, > 1. Let’s examine the low frequency
modes  of the progressive oscillations  under the
amplitude value @ =05 . In the Fig 2 Corve 1
corresponds to the non-linear theory, and Curve 2

‘ll



shows the quasi-steady circulation. It can be seen that
under 4, >4 the results does not asymptotically tend

.
to each other. as it was traditionallv stated in the
experimental papers using the engineer summarising
The thrust coefficient kr ~ exceeds ky Almost twice

and g =100% for the whole range of 4.
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Fig. 2

This fact is unusual at first glance and can be explained
as tollows. First, the distinction between the approach
(1) and the traditional one consists in the fact that the
approach (1) does not take into account the wing

profile drag ( the sum of the pressure drag C,\’p and
the frictional drag Cyp). that causes the afore

mentioned asvinptotic trend within the framework of
the traditional approach.

Second. under the condition Cy, =0 and Cy, =0
all the input power Cy. to the wing will be equal to

the output power Cy because the energy will not be

spent for the vortex's separation and for the creation of
the needed circulation round the wing as well as for the
acceleration and the deceleration of the fluid added
masses.

That is why the quasi-steadv approach (1) corresponds
to such ideal situation when only the steady Zhukowski
force affects the wing.

THE VORTEX WAKE CHARACTERISTICS
Now let’s studv the vortex’ wake characteristics behind
the oscillating wing.

In the Fig. 3 the comparison is given of computational
and experimental flow patterns in the nearest wake tha
are reduced to a universal scale. The amplitude of the

angular wing's oscillations is @ = 3.8°, Strouhal number
p =9. Five consequent frames arc shown during a

halfperiod to characterise the flow patrerns in
development. Near the last top position of the wing
(the top couple of the frames) the vortex of the
maximal intensity is separated. creating the core of the
vortex blob that involves the part of the ambient fluid
in the rotational movement. This vortex takes place in
the top row of the inverted vortex street. The similar
processes take place during the creation of the vortex in
the low row. A good qualitative agreement characterises
not only the reliabilitv of the compuwiational method,
but also the speciality of the experiment, during which
onlv the field of the intensive vortex flow behind the
wing was coloured.

The cvele of investigations was conducted on the
averaged flow characteristics of the nearest wake behind
the oscillating wing.

The Fig.4 shows the profiles of the averaged lengthwise
velocity 1wy . the root-mean-square pulsation of the
lengthwise velocity ", the averaged lateral velocity
, and the averaged pressure P in the vertical
section at the distance of d=0.1 from the trailing edge
of the wing for the progressive oscillations.with the

amplitude « =002 and the frequencies /)’ =2r.

p =37, p =6r.

The maximum %y on the svmmetry axis indicates the

existence of the lengthwise averaged flow in-rhe wake
that is created by the wing in the process of
oscillations. Two separating sections of the vortex sheet
with different signs being centres of the voriex core

concentration correspond to  the position of the

’

maximums @'%" The relative minimom @} on the

axis is stipulated by some mutual compensation of them
at the cost of symmetry of the oscillations law. Fig.4
also shows that there are two averaged lareral flows,
directed in various sides from the svmmetrv axis of the
oscillations. This acceleration of the flow, in accordance
with the Koshee-Lagrange integral, leads 1o the
averaged pressure reduction at some distance from the
trailing edge of the wing in the field near the symmetry
axis of the oscillations. '

DYNAMIC HYSTERESIS
As the wing movement occurs under the harmonic law

such that U, doesu't depend from the time and 1,

depends from it so the expended power Cy- (2) will
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be determined not only by the amplitude values Uy,
and Cy . but also by the value of the phase shift

berween them. The phase shift can change in
dependence trom the oscillations frequency. The
influence of the value of this phase shift upon the wing
efficiency is big enough, that is why it is a matter of
interest to investigate the limits of its variation for the
cases of the linear and the non-linear theories.

For convenience we will determine the shift ¢ between

the phases Cy and y ( the oscillations law). It's more
natural as the phase y coincides with™ the wing's

aceeleration phase i . So. for the quasi-steady lift force

5-5

s . o [t}
coefficient Cy, we receive the shift value ¢ =90

with reference to the oscillations law. This corresponds
not to the maximum of the acceleration but to the
maximum of the wing's velocity. as the quantiry

of

-af

kYle T

.0 1.2 14 1.6 1.8 T

Fig.5
C,-A_ is directly proportional to the velocity circulation

around the wing under conditions of the steady flow.
Fig.5 illustrates the bahaviour of the reduced thrust

coefficient ky and the reduced lift force coefficient &y
for the case of the progressive oscillations with the
amplitude @ = 0.2 and the frequency p° = 27. Curve
1 serves for the linear theory and Curve 2 shows the
non-finear one. It can be seen that &y has the bigger

shift  value A7z than  kr  with reference  to

@ = 90% such that this shift is more in case of the non-
linear  theorv. The  babhaviour of  the  shift
@=p' At/ T in degrees ( between ky and YY) in
dependence from the amplitude @ under the frequency
]7. =27 and in dependence from the frequency /)‘
under the amplitude @ =02 is shown in the Fig6.
The linear tl'wory is marked with figure 1, and the non-

linear one is marked with figure 2. 1t can be seen that

-

before values p’ =15 this shift is the same for both

approaches, however, under p > 1.5 the higher values
of ¢ are observed for the non-linear case than for the
linear one. The fact of independence of shift value from
the amplitude for the case of the linear theorv and the
dependence of them in case of the non-linear theory
causes the divergence of the values n(p ) for various

amplitudes represented in the Fig.11. Togerher with the
increase of the external disturbing periodical factor the
time lag increase of the phase of one characteristic with
reference to some other independent one occurs. This
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phenomenon is named, as it is known, a dvnamic

hyvsteresis.
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The  dvnamic  hyvsteresis  of  hvdroaerodvnamic
characteristics in the sweep under the instantaneous
angle of arrack is a matter of special interest. In the
Fig. 7 the so-called phase portraits of the thrust force
coefficient Cr. the lift force coefficient Cy . the
momentum Cy, and the input power Cy for the

frequency  p° =27 and the amplitudes a =003
(Curves 1), @ =006 (Curves 2), a = 0,09 (Curves
3) are represented. The arrows mark the directions of
the curves path-tracing when the angle of artack a(r)
changes.

Let’s study the bahaviour of the thrust force coefficient
Cy (Fig. 7). Let's take a right halfloop and follow the
change Cyp(a(r)). It is visible that the increasing of
a from O to a,, causes the change of Cy along the
low part of the half loop. and the decreasing of it causes
the change of Cy along the top part of the half loop. It

is known that the increasing of a from 0 to @«
approximately corresponds to the acceleration section of
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the wing movement track and vice versa, the reduction
of it corresponds to the deceleration mode. During this
process the intensive overflow of the flow through the
leading edge of the wing is formed near the end of the
acceleration track section. The phase of the deceleration
following after this process leads to the short-term
increase of the velacitv of this overflow relative to the
‘wing. In future the wing will pass the same angles of
attack in the reverse order in the conditions of the
circulation having been generated round the leading
edge that finally causes the occurence of the suction
force dvnamic hvsteresis.

[n the similar wayv the inertial influence of the added
mass of the fluid causes the correction of the pressure
differential AP on the wing that is nonsvmmetric in
Csign. In its turn it causes the dvnamic hysteresis of
other hvdrodvnamic coefficients.

THE INFLUENCE OF FORCES OF VARIOUS
NATURE

Let's examine the contribution of the forces of various
nature acting on the oscillating wing : the inertial
forces, the forces of the circulatory and vortical nature.
The circulatory component is the quasi-steady analog of
Zhukowski force and is determined by ‘the current
value of the circulation along the contour near the
wing. (wirthout rtaking into account the separated
vortices) and by the relative undisturbed velocity. The
inertial  component is  the nonsteady component
dependent from the current added mass of the wing
that is determined by the velocity of change of the
circulation along the liquid contour encompassing the
separated vortex street. The vortical component is
determined by the current value and distribution of the
vortices round the wing [10].

Let's consider first the case of the rotational oscillations

with the frequency p =9 and the angular amplitude

8 = 38" round the leading edge of the wing. We can
note that the wake form for such small amplitude has
a slight distinction from the wake form in case of
progressive oscillations with the linear amplitude @,
being equal to the linear vertical travel of the wing's
trailing edge.

For this case Fig.8a and Fig.8b show the contribution
of each component into the thrust force and the lift
force  of the oscillating wing. The continuous curve
numbered 1 corresponds in all pictures 1o the summary
thrust force coefficient, (Fig. 8a), and the lift force one

(Fig.8b).

It can be observed that for this case the main
contribution in Cy and Cy is made by the force of
inertial ‘nature: the vortical one is near zero-during the

whole cvele of oscillations and the circulatory one’

oscillates with small values of amplitude near zero
values.

To tesr the influence of Strouhal number p value

upon the redistribution of the contribution of these
forces the calculations were held represented in Fig. 9.
There are the components of the thrust force coefticient
laid off on the ordinates axis referring to the full thrust
force coefficient ( i = 1 means the contribution of the
inertial force. i = 2 - the contribution of the circulatory
one. i = 3 the contribution of the vortical one).
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It can be seen from the figure that for this case the
indicated redistribution of forces is valid in a whale for
all values of p . For values of p <4 the negative

contribution of the circulatory component  merely

5-7

appears and is compensated with the increase of the

inertial component.

In the same time it is known that under progressive
oscillations of the thin wing the whole thrust foree is
created by the suction force of the circulatory nature.
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The investigation of the contribution of all three dvnamic hysteresis of hydroaerodvnamic characteristics
components for this oscillations type is also a matter of of oscillating wings.
interest. K,
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Fig. 10 shows the results of these calculations for the i]\ \
v\

case @ =005, p- =10,

It can be observed that although the thrust force in this
case is fully determined by the force of the circulatory 0 0 20 D*
nature, the main contribution into the lift force is still
made by the inertial component.
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The results received convincingly prove the afore ) Fig. 12 _
mentioned explanations of mechanisms of the And finally, let's studv the bahaviour ol the reduced

appearance of the nonstead.\r ])l\ZISP shifts and of the t.lll'llSt force coefficient lel(l. the (‘“i('i(.‘ll(‘.\’ (lt‘p(‘ll(l(“llt
from the amplitude and the frequency of oscillations. As



it was noted above. the linear theorv is not able to
simulate the process of vortex sheet deformation.

The second argument in favour of necessitv of the non-
linear simulation is the assumption of the linear theory
regarding the small values of the angles of attack and
the oscillations amplitudes does not give the possibility
to correctly simulate the oscillations with the finite
amplitudes. This fact is illustrated in the Fig.11, 12
where the Curves 1 correspond to the linear theory and
the other line corresponds to the non-linear theory
under amplitude values ¢ = 0,01 (Curves 2), a = 0,04

(Curves 3). a =008 (Curves 4) (Fig. 11), and the

frequency " =35 (Fig. 12). It can be seen from the

figures that the linear theorv significantly highers the
values of efficiency under big values of Strouhal
number and finite amplitudes of progressive oscillations.

It can be also seen that the behaviour of the thrust
force coefficient Cp in dependence from the amplitude

a deviates from the square dependence, and the
efficiency deviates from the linear dependence having

‘been obtained on basis of the linear theory.

CONCLUSIONS

The linear theories describe the behaviour of the thrust
coefficient and the efficiency in a qualitatively correct
way only for small values of frequency and oscillations
amplitudes. For efficiency the distinetion from the non-
linear theorv can alreadv be observed under small
values of amplitude.

The adequate description of the vortex wake structure
hehind the oscillating wing by means of the non-linear
theory and the discrete vortices method gives us the
possibility to compute the propulsive characteristics
more precisely. In particular, the investigation of such
phenomenon as dvnamic hysteresis of
hvdroaerodvnamic characteristics shows that the results
of the linear and the non-linear theories coincide only

under frequency values p < 1.5 .

On basis of computations under the non-linear theorv it
was stated that the main contribution in the thrust
force and in the lift force of the wing-propulsor for the
examined oscillations type is made bv the forces of
inertial nature.
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DISTINCTIVE FEATURES OF THE WAVE PLATE
(OR FISH) MOTION

L.I.Korennaya
National Academy of Sciences - Institute of Hydromechanics
8 / 4 Zhelyabov str., Kyev, 252057
' Ukraine

SUMMARY

The measurements of the thrust force of the wave-
like deformable plate in three-dimensional flow
were carried out on specially constructed equip-
ment. The laws which were found out by other
authors in researches of water animals (fish and
dolphins) were reviewed. The vortical model
of the wave-like deformable plate reflects three-
dimensional flow space. This model was used to
calculate the hydrodynamic forces and coefficients
of the wave-like deformable plate (the mechanical
model of wave propulsion). Our measurements, cal-
culations, comparisons with ideal hydraulic propul-
sion have shown the distinctive features of the
wave-like deformable plate as it creates the thrust
force.

The distinctive features of boundary layer forma-
tion on the wave-like deformable body are also con-
sidered. There is a boundary layer control system
in nature with running waves. Concepts similar to
Prandtl’s about boundary layer control by means
of the moving surface of the body has existed in
nature for centuries.

1. INTRODUCTION

The results of research of a wave-like deformable
plate in three-dimensional flow are discussed.

Our experiments were carried out in the flume of
the Institute of Hydromechanics, the Ukrainian Na-
tional Academy of Sciences. Actually the wave
plate is a mechanical model of wave propulsion hav-
ing prescribed kinematic parameters. The range of
these parameters was wider in comparison with the
range for water animals.

The data for water animal kinematics for compar-
isons and calculations were taken from earlier re-
ports of the Institute of Hydromechanics.

2. . GEOMETRICAL AND KINEMATIC
PARAMETERS OF THE WAVE PLATE

The plate was made from 2 mm thick rubber. It
was aligned horizontally and had streamwise length
L = 400 mm and the width across the flow H =

100 mm. Hence its aspect ratio was small, 0.25.

The coordinate system ozyz connected with the
plate moves uniformly and with the velocity V rel-
ative to the stationary fluid, Figure 2. The running

wave
y = A(z)sin(wt + Bz + o) (1)

propagates along the plate in the direction from the
leading edge to the trailing adge with the constant
relative velocity C = Af.

Here, A(z) is the amplitude function, w = 27f is
the circular frequency, § = 2—;’- is the wave number,
A is-the wavelength, f is the frequency, g is the
phase angle.

The wave was generated the following way. Seven
links were fixed to the plate, Figure 1. They pro-
duced phase-shifted sine oscillations so that the
running wave was created.

It is possible to imagine the running wave as fol-
lows. We take a rigid ”infinite” sinusoid enclosed
in a piece of a flexible sleeve. This sleeve plays the
role of the fish body. When the sinusoid is moved
inside the sleeve, all elements of the sleeve are sub-
jected to transverse oscillations. The sleeve repre-
sents a transversely deformable body according to
the wave propagation. The velocity of the sinusoid
inside the sleeve is the wave velocity, C. The body
begins its motion opposite to the direction of the
running wave with velocity V, and always V < C.

The thrust force of the plate was measured exper-
imentally for successively modified parameters: 1)
the velocity of uniform and rectilinear motion of
neutral axis of the wave-like deformable plate V,
in our experiments (in inverted motion) this is the
velocity of water in the flume V* = —V | which was
V* =0 and V* & 0.33 — 1.2m/s (the asterisk is
for inverted flow everywhere in this paper); 2 ) the
oscillation frequency f ~ 1.5 — 4Hz; 3 ) the num-
ber of waves that are on the length of the plate
L/) =0.25,0.5,0.75, 1; 4) the amplitude function
A(z) of seven types: the constant oscillation ampli-
tudes along the plate and the amplitudes increasing
by linear or square law along the plate toward the

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held in Kiev, Ukraine, 1-3 September 1997, and published in R-827.
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back edge.

The velocity of the running wave and the velocity
of the neutral axis of the wave-like deformable plate
were: held constant for each experiment.

The Reynolds numbers Ry = VL/v, where v is
the kinematic viscosity of fluid, and the Strouhal
number S; = fL/V were changed respectively in
limits from 1.25 to 4.6 x 10% and from 0.6 to 6. The
ratio of velocities C/V = S was limited from 0.64
to 21.

. 3. PROPULSION REGIME OF THE
WAVE PLATE

3.1. Thrust Force and Effect of Non-
Stationarity

The experimental researches have shown the fol-
lowing,.

— Vhen V < C and in opposite directions is the
necessary condition for the creation of propulsion
force (thrust). This occurs in nature.

— The thrust force decreases when the velocity of
the uniform motion of the neutral axis of the wave-
like deformable plate V (in our experiments the
velocity of water in the flume) increases.

~ The thrust force at V = 0 is proportional to
square of the oscillation frequency .

~ The thrust force for the constant oscillation am-
plitude along the plate and V = 0 is approximately
proportional to square of amplitude of oscillations.
— The law of change of oscillation amplitude along
the plate has decisive significance. It is possible
to obtain considerably larger values of the thrust
force if the oscillation amplitude is increased in the
direction from the forward edge of plate to back
one. .
— The nature of dependence of the thrust force
from the wavelength and from the running wave
velocity is more complicated. With increase of
Strouhal number fL/V the transition from the
greater wavelength to the smaller one is desirable.

The results agreed with the kinematic data of the
water animals as well as with results of the wave-
like deformable body researches of other authors.
Earlier the- particular case of the wave-lake de-
formable plate in two-dimensional flow was inves-
tigated experimentally [1].

It is necessary to draw attention to the regimes
of plate deformations on which the thrust of the
plate is equal zero. These regimes are analogous
to those of fish motion as the thrust force created
by the wave-like deformable body is equal on value
and is directed oppositly to the resistance force of
the wave-like deformable body. For these regimes
Strouhal numbers calculated with the wavelength
Sx = fA/V = C/V were within the limits 1.18
to 1.44. For fish and dolphins Strouhal numbers
Sx = fA/V = C/V range from 1.05 to 1.59 in ex-

periments done earlier by other authors in the wa-
ter tunnel of the Institute of Hydromechanics. The
range of Strouhal numbers for our plate is within
the range of Strouhal numbers for water animals.
So there is identity of the conditions for formation
of the hydrodynamic forces on the wave-like de-
formable plate and for active motion of water an-
imals. And also this fact shows the reliability of
data obtaind in experiments with the plate and in
experiments with the subjects.

The mechanism of thrust force creation by the
wave-like deformable body is a naturel phe-
nomenon. Let us compare the wave-like deformable
plate, the mechanical model of the wave propulsion,
with other types of propulsion created by man.

The parts of the wave 1, 2, 3, 4, 5 in Figure 2a lo-
cated within the extreme points of the sinusoid act
similarly to an oar blade or the paddle of a water
wheel. They push the fluid in the opposite direc-
tion of the body motion. They are the working
elements of the wave propulsion. The fluid that is
pushed by the running wave carries with it the def-
inite momentum of the fluid. By the law of conser-
vation of the momentum the opposite momentum
is obtained by the deformable body. Thus, the part
of the energy that was spent on creation of the run-
ning wave was transformed into work of the thrust
force.

Let us show that the conditions of creation of the
thrust are V < C and in opposite directions. When
a body moves in fluid, the direction of the resis-
tance force coincides with the direction of the flow
velocity in inverted motion. It is clear from Fig-
ure 2a that in the case V < C and in the oppo-
site direction the flow velocity in inverted motion
U* = —(C - V) and the velocity of the uniform
rectilinear motion of the neutral axis of the wave-
like deformable body V have identical directions.
Thus, the thrust that is necessary for motion of
the wave-like deformable body with the velocity V
is due to the resistance force to motion in water of
the sinusoid moving on the body with velocity C.
The inclination of the axis of the deformable body
of the water animals to the neutral axis of the wave
is equal to 40 degrees on the average. Such a body
is a badly streamlined one . The main contribution
to its resistance is the form Tresistance. Really the
system of vortices is formed near to the extreme
points of the sinusoid and the edges of the plate,
Figure 2c, 3 . The thrust force has the greatest
value when V= 0 because then the velocity U* is
maximum. At V = C and in the opposite direction
the velocity U* and the thrust are equal to zero. If
the wave-like deformations occur in regime V > C,
the flow velocity U* and the resistance force of the
sinusoid are directed opposite to the motion of the
plate and there is no thrust.




Let us look at the wave propulsion working ele-
ments 1, 2, 3 at t = ty, Figure 2a, then at ele-
ments 2, 3, 4 at t = {5 + 1/2f, then at 3, 4, 5 at
t =to+1/f. It is visible that the working elements
arise gradually, move on the plate, and gradually
disappear. They exist during the final time inter-
val, At = L/C = L/Af. Hence the final interval
At depends on the kinematic and geometrical pa-
rameters of the plate. The events are similar to
those at a sudden start of a body with constant
velocity. It is known that at the initial moment
of the body motion at constant velocity the hydro-
dynamic forces considerably exceed the hydrody-
namic forces at stationary motion [2, 3). There-
fore, if the period At is small, the hydrodynamic
forces should be calculated with regard to non-
stationarity. The non-stationarity coefficient k is
equal to the ratio of non-stationary (experimental)
forces to quasi-stationary ones (calculated in ac-
cording to the quasi-stationary theory) Tezp/Teatc,
Figure 4. Let us compare L/A in Figure 4 and
At = L/Af. In Figure 4 L and f are constant
for each curve. Therefore, At is only a function
of \. So L/A is dimensionless time number. At
L/X =025 Atis onefourth at L/A = 1. The &
has the greatest value at L/A = 0.25 where At has
the minimum value. The non-stationarity coeffi-
cient approaches unity as At tends to infinity. The
experiments have shown that the most influence on
the nonstationarity coefficient have: a) the wave
length, namely, the number of the waves present
along the plate length, b) the law of change along
the plate of the oscillation amplitude A(z). But
the non-stationarity coefficient depends on the os-
cillation frequency to a lesser degree, Figure 4. The
body shape and the shape of the lateral edges con-
siderably influence the process of vortex formation,
and the research of the effect of non-stationarity is
considerably complicated.

Each element of the wave-like deformable body (it
is ”n” in Figure 2) makes a transverse oscillatory
motion. Therefore the values of instantaneous flow
velocity and instantaneous angle of attack of each
element change continuously. This helps to jus-
tify logically the vortex model of the wave-like de-
formable plate [4], Figure 3. Usually the occurrence
of a vortex is considered as a negative phenomenon.
However it is a good idea to increase the intensity
of the vortex in the case of wave propulsion.. This
phenomenon takes place in nature. There are sharp
edges of the flippers of the water animals. And ex-
periments {1} have shown that the thin metal wave-
like deformable plate with the sharp edges had
' thrust considerably larger than the rubber plate.

We have two main paradoxical conclusions.

— The thrust force of the wave propulsion is stip~
ulated by the resistance force of the sinusoid. So
the thrust, that is useful force, arises from the re-

sistance force, that is usually a harmful force.

— Hydrodynamic forces of the wave propulsion are
greater than their calculated quasi-stationary val-
ues. Hence, it is necessary to take into considera-
tion the non-stationary effect.

3.2. Wave plate efficiency

The calculations of the wave-like deformable plate
in accordance with [ 4 ] were carried out. The
dependence of the wave-like deformable plate ef-
ficiency 1 on the thrust load coefficient or =
2T /pFrV?, where p is fluid density, Fr is the hy-
draulic section of the wave-like deformable plate
that is equal to the product of width of the plate
and the total amplitude of the trailing edge of the
plate. Figure 5 represents one wavelength on the
length of the plate and the linear change of the os-
cillation amplitude along the plate. The seven links
for setting of the running wave had the cross oscil-
lation amplitudes A = 0.01, 0.014, 0.018, 0.022,
0.026, 0.030, 0.34 m.

Curve 2 in Figure 5 for experimental values of the
thrust load coefficient shows that the wave-like de-
formable plate for small aspect ratio has low effi-
ciency. ,

The calculations of efficiency for imaginary propul-
sion were carried out:

~ without friction forces (without internal losses in
the propulsion) — Curve 3;

— without friction forces and inertia forces — Curve
4;

— without friction forces, inertia forces and without
inductive velocities — Curve 5.

The relative position of Curves 2, 3, 4, 5 in Fig-
ure 5 shows that friction forces and inertia forces
considerably reduce the efficiency of the wave-like
deformable plate. The efficiency decreases, but in
less degree, under the influence of inductive veloc-
ities. :

Curve 1 for the ideal hydraulic propulsion [5] is.in
Figure 5. It is calculated by the formula

2 .
m = l+\/I+0'T.‘
Here o7, is the thrust load coefficient of the ideal

propulsion.
The wave-like deformable plate efficiency, Curve

2, is far below the ideal hydraulic propulsion ef-

ficiency, Curve 1.

There were assumptions about high efficiency of
wave propulsion in the literature. They were not
verified. It is impossible in nature to realize the
rotary motion of parts of the body relative to each
other, and so much energy is spent for overcom-
ing the inertia forces at cross oscillations of a body.
However it should be noted in relation to the wa-
ter animal motor-propulsion complex that its com-
mon efficiency can be sufficiently high. In the first
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place, the same body fulfils functions of motor and
propulsion. Secondly, it is not excluded that in
most cases the water animals use resonance regimes
that are economical ones. It is possible in the fu-
ture designers offer the devices using principles of
energy transformation existing in nature. Then ap-
plication of such devices will be very effective.

4. FRICTION FORCES OF THE
WAVE-LIKE DEFORMABLE BODY AT
PROPULSION REGIME

An idea of Prandtl was to reduce the velocities in
the boundary layer by means of moving surface of
the body in the flow direction. It is possible to
remove completely the boundary layer if the surfac

of the body has the velocity that is equal to the

external flow velocity.

We come back to the model used for demonstration
of the running wave. This is a body having the form
of a sinusoid in the flow. The surface (or boundary)
of this sinusoid is moving along the sinusoid. Really
in each following moment of time the very same
element of the plate takes the new element of the
sinusoid.

The theoretical and experimental researches of
moving surfaces were undertaken more than once
including the question of boundary layer control.
The parameter of the moving surface p was intro-
duced into the theoretical research [ 6 ] for the plate
in the form of the half-plane as the ratio of the
velocity of the moving surface to the mainstream
velocity. The following conclusions were derived
which reveal the effects of moving surfaces.

— When the velocity of the moving surface equals
the value and direction of the mainstream velocity,
p = 1, the hydrodynamic forces do not act on the
plate. The flow around the plate is potential.

— When the velocity of the moving surface is more
than the mainstream velocity, p > 1, the plate has
no resistance force, it has thrust force.

— When the velocity of the moving surface and the
mainstream velocity are directed opposite to each
other, p < 0, the plate has a resistance force less
than on stationary surface at p = 0.

The effects of the moving surfaces in applications in
engineering could be very useful. But complexity
of design and increase of cost block the way to the
technical applications of the effects of the moving
surfaces. At the same time nature makes wide use
of the effects of moving surfaces as will be shown
below.

Let us enter the parameter p, similar by structure
to the parameter for the half-plane. This is the
ratio of the velocity of the moving surface Wy to
tangential component of the external flow velocity
W on the plate element. Naturally this parameter
has another value for each element of the wave-like

deformable plate and in each following moment of
time on the individual plate element.

Wy .

p:

For the regime of propulsion under consideration
the surface moving in flow direction takes place in
the extreme points of our sinusoid necessarily, as
the velocities Wy = —C and Wy = U* = —(C-V)
are directed to one side, Figure 2b. Bearing in mind
that Sy = Af/V = C/V we have

s
pymaz_ C'—V— SA—l (4)

The parameter p,, ... at the extreme points of the
sinusoid depends only on Strouhal number. The
regimes L/A = 1 and T = 0 for experiments with
the plate are the closest to the regimes of the water
animal’s motion. The range of parameter py___,
3.28—46.55, for the plate in this regime is within the
range of parameter py,, .., 2.7—21, in experiments
with live water animals.

Going over to the general case, not the extreme
points of the sinusoid, we must take into account
the velocity of oscillatory motion of the considered
plate element V, = %, Figure 2b. The angle o
formed by the neutral axis of the running wave and
the considered element of the plate, o = tan™?! %%,
indicates the position of the considered plate ele-
ment.

In general case

C+V,%
p= !Idzgl (5)
C-V-V 3

The surface moving in the flow direction is realized
only if

dy
C-V)V!I"E (6)

The kinematic data of the water animals were used
for calculations. The following results were ob-
tained.

— The ratio (6) is fulfilled on all points of the dol-
phin body. The scheme of the moving surface in
the flow direction is fully realized here.

— The ratio C — V < V, 4 is fulfilled for fish on a
significant part of their body. Consequently p < 0
and the scheme of the moving surface opposite to
the direction of the flow takes place here.

It is necessary to note, that p for the different fish
varieties has close values, in the range from —2.54
to —2.68 for the caudal flipper at y = 0. It is
considerably different from p = 389 for the dolphin,
see the table, Figure 6.

So, the scheme of the moving surface in the flow
direction, p > 0, is realized for the entire length



of the dolphin body moving at R > R.,, and the
scheme of the moving surface opposite to the flow
direction, p < 0, is realized on a significant part of
the fish body moving at R < R,

From structure of formula ( 5 ) follows that when
V =0, p has the least significance and p,,,.. = 1.
Hence, friction forces at extreme points of the sinu-
soid are absent, and in other points of the sinusoid
are less than they were at regimes when V is not
equal to 0. Therefore, in oder to reduce the influ-
ence of the friction forces (internal losses in propul-
sion), the regimes V = 0 were used in the analysis
of experimental results.

The knowledge of physical processes taking place
in the boundary layer of the wave-like deformable
body is necessary for successful use of the effects
of the running wave and the moving surface in en-
gineering. The method of geometrical summation
of the velocity profiles in the boundary layer of the
wave-like deformable plate is here offered for the
case of a moving surface in the flow direction and
for the case of a moving surface against the flow
direction, Figure 7. This is the first step to un-
covering the physical processes and for qualitative
comparisons. The two regimes below, which were
close to the regimes of the live moving water ani-
mals and to the regimes in both [ 7 ] and the au-
thor’s experiments, were chosen for accuracy and
clearness.

Regime A: p = 4.33; .
V =05m/s; C=065m/s; C/V =13

Regime B: p = —-2.33,;
V =0.5m/s; C=0.35m/s; C/V =07

All velocity profiles are constructed in the same
scale, Figure 7. The theoretical Blasius profile for
the laminar boundary layer was used for construc-
tion of the velocity profiles a for W;* and b for Wy.
It was taken into consideration that the velocity
W and WL complete the total cycle of changes
for the distance that equals 1/2 wavelength. The
velocity profile ¢ is obtained by geometrical sum-
mation of the profiles a and b. The resulting pro-
file ¢ is constructed in coordinate system connected
with the element of the ”sinusoid”. It is necessary
to take up the coordinate system connected with
the moving surface (with the plate). They were
given velocities equal in magnitude W and oppo-
site Wi directed for the plate element and for the
environmental fluid, profile d. The velocity of the
external flow in the resulting profile ¢ is equal in
magnitude of the velocity V and in the opposite
direction.

Comparing the calculated velocity profiles for
wave-like deformable plates at p > 0 and p < 0
we will note the following important properties of

these profiles.

The resulting profile e at p > 0, Regime A, is
similar in form to the experimental velocity profile
in the boundary layer of the wave-like deformable
plate [7). This velocity profile is more convex in
comparison with the one on the flat plate and is
similar to the profiles of the stable type. Transi-
tion from laminar to turbulent boundary layer is
delayed in this case [8].

The scheme of the moving surface in the flow direc-
tion is realized on the entire body length of the dol-
phin moving at Reynolds numbers which are larger
than critical ones. Hence the velocity profile in
the boundary- layer of the dolphin body should be
the profile of the stable type, and transition in the
boundary layer is delayed.

Really, there are interesting results in [9]. The am-
plitude of the pressure pulsations in the boundary
layer depends on the type of the dolphin motion
at R > R.r. The level of the pressure pulsations
in the boundary layer corresponds to the developed
turbulent flow for passive motion (inertial). But for
active motion the level of the pressure pulsations is
considerably less (1.5 - 2 times) and corresponds to
insufficiently advanced turbulent flow.

The theoretical Blasius profile for the laminar
boundary layer on the flat plate is the dot-and-dash
curve in the profile e.

In case of p < D (the scheme of the moving surface
against the flow direction) the value of the velocity
gradient (du/dy;) at yy = 0 is less in comparison
to the velocity gradient (du/dy;) at y; = 0 on the
flat plate. As the local viscous shear on the body
surface is directly proportional (du/dy;) at y, = 0,
then the surface friction should be slightly smaller
than on the flat plate. This agrees with the con-
clusions in [6]. '

The scheme of the moving surface against the flow
direction is realized for a significant part of the fish
body moving at Reynolds numbers which are lower
than critical. Hence the local viscous shear for fish
should be smaller than on the flat plate.

We see that these features of the boundary layer
for wave deformations of the body are successfully
used in nature. The delay of transition from the
laminar to turbulent boundary layer takes place at
greater critical Reynolds numbers. And the reduc-
tion of the surface friction takes place at Reynolds
numbers which are less than critical ones.

The wave-like deformable body can be used not
only as the mechanism for creation of a thrust force
but also as the mechanism influencing the bound-
ary layer in control systems for decrease of the re-
sistance forces.

6-5
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Water L V | g=YL| C [C-V[ & A f [Vfl (v 5:_)
animal | [m] | [mys] v |ms) | (ows] | jmi | (m] | Hz) [\ e [ | P
varictics [m/s] C-Vv
(Latin)

Tursiops 260 |234 [6-10° [3.12 [078 [190 015 [164 | 0.77 0.99 389
truneadus

Belone 048 [1.05 [45.10° [1.21 [0.16 [0.22 |0.03 |5.58 | .04 6.53 -2.55
Pomatomus [0.42 [1.72 [65-10° [1.95 ]0.23 |0.37 [005 [5.27 | 1.61 7.00 |-2.58
saltatrix

Sardasarda |0.16 [1.12 [16.10' [1.25 [0.13 [0.13 |0.02 [958 | 0.94 7.53 -2.68
Cristivomer |0.21 [1.33 [2s5-10° [148 [0.15 [0.15 [0.02 [9.74 | 1.2] 8.10 |-2.54
namaycush

Fig.6. Parameter of the moving surface p for the caudal flipper of the
dolphin (Tursiops truneadus) and for the fish (Belone, Pomatomus saltatrix,
Sarda sarda, Cristivomer namaycush).
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Abstract

The structure of a numerically simulated turbulent
boundary layer over a flat plate at Rey = 670
(Spalart [17]) was studied using the invariants of the
velocity gradient tensor (@ and R) and a related scalar
quantity, the cubic discriminant (D = 27R?/4 + Q°).
These invariants have previously been used to study
the properties of the small-scale motions responsible
for the dissipation of turbulent kinetic energy (Chen et
al. [6], Soria et al. [16] and Blackburn et al. [3]). In
addition, these scalar quantities allow the local flow
patterns to be unambiguously classified according to
the terminology proposed by Chong et al. [8]. The
use of the discriminant as a marker of coherent mo-
tions reveals complex, large-scale flow structures that
are shown to be associated with the generation of
Reynolds shear stress —u/v’. These motions are char-
acterized by high spatial gradients of the discriminant
and are believed to be an important part of the mech-
anism that sustains turbulence in the near-wall region.

Nomenclature

Roman Symbols

Velocity gradient tensor (8U;/0z;)

Discriminant of the velocity gradient

tensor Aj;

First invariant of the velocity

gradient tensor A;;

Instantaneous pressure

Second invariant of the velocity

gradient tensor A;;

Third invariant of the velocity gradient

tensor A;

Reg Reynolds number based on momentum
thickness

Sij Rate of strain tensor

v o

m O

U; Instantaneous velocity component
u'v' Instantaneous Reynolds shear stress
Ur Wall shear velocity

z; Cartesian coordinate direction

zt yt, 2zt Cartesian coordinate axis normalized
by wall units (u, and v)
Wj Rate of rotation tensor

Greek Symbols

A generic eigenvalue of the velocity
gradient tensor

v kinematic viscosity

p Fluid density

0 Boundary layer momentum thickness

Introduction

Since the early 1980’s there has been tremendous
progress in our ability to directly simulate wall-
bounded turbulent flows at moderate Reynolds num-
ber. However, for the foreseeable future, simulations
will be restricted to a relatively small number of flows.
Therefore the vast majority of engineering applica-
tions, especially those involving high Reynolds num-
ber, will continue to require the use of phenomenolog-
ical models. Unfortunately, there has been much less
progress in the development of models capable of han-
dling all but the narrow range of flows and conditions
for which they have been tailored. Part of the reason
why progress has been slow is that we still lack a com-
plete physical picture of what Townsend [20] called the
“main turbulent motion” and which, as Klebanoff [11]
showed, contains most of the turbulent kinetic energy
and is responsible for the generation of most of the
Reynolds stress. Nor do we have an adequate pic-
ture of the fine scale motion responsible for the dis-
sipation of kinetic energy. This is not surprising in

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held in Kiev, Ukraine, 1-3 September 1997, and published in R-827.
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Figure 1: Summary of three-dimensional incompressible topologies (from Soria et al. [16]).

view of the difficulties inherent in the description of
such a complex, highly elliptic, time-dependent, three-
dimensional phenomenon.

The first step toward understanding the physics of tur-
bulent motion is to develop a robust, unambiguous
method for identifying dynamically important flow
structures. This paper is mainly concerned with this
issue. The methodology described here is based on
the use of the invariants of the velocity gradient ten-
sor and a related scalar quantity, the cubic discrim-
inant. Identification of turbulent structure in terms
of the discriminant provides a useful connection be-
tween Reynolds stress producing motions and dissi-
pating motions. The method is particularly effective
near the wall where the low-speed streaks, first docu-
mented by Kline et al. [12], are clearly defined along
with their physical connection to the outer flow. New
insights also emerge into the concept, introduced by
Townsend [19], of active versus inactive turbulence.
Finally, the turbulent structure can be compared with
Theodorsen’s [18] original vision of a hierarchy of
horseshoe eddies as well as with Townsend’s [19] at-
tached eddy model of wall flow as recently extended
by Perry and Marusié¢ [14].

Discriminant-based structure identification
Chong et al. [8] provide a road map to linear, three-

dimensional flow patterns in terms of the invariants of
the velocity gradient tensor. The approach is useful

for the classification of compressible and incompress-
ible flows. The method treats every point in a flow
field as a critical point as seen by an observer mov-
ing with the fluid particle at the point in question
at the instant of time in question. The local flow is
the solution of a third-order system of autonomous,
linear ordinary differential equations whose solution
behavior is determined by the invariants of the veloc-
ity gradient tensor. We consider fluid motions that
are describable by the leading terms in a Taylor series
expansion of the velocity field about a point.

= - an
Ui#,t) = Uil@o,t) + 5=
J

ASL'J' =t
Z,

1 8%*U;

il - ine, I
2 95; 07 Az;Azy + (1)

Zo

We will exclude singular cases such as vortex sheets or
shock waves as well as highly degenerate flows where
the local flow is determined by quadratic or higher or-
der terms in eqn. 1. If the origin of the coordinate
system translates at the local velocity of the expan-
sion point (U;(Z,,t) = 0), then eqn. 1 reduces to
the following, autonomous set of ordinary differential

equations
= dz;
Ui(Z,t) = Eti = Ajjzj, (2)
where A;; is the velocity gradient tensor (A;; =

OU;[0z;|; ). Using standard linear algebra tech-
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Figure 2: Contour plot of joint probability distributions of the invariants of the velocity gradient tensor at

Reg = 670 (from Chacin et al. [5]).

niques, the shape of the solution trajectories —
instantaneous streamlines in this case—can be
uniquely classified according to the nature of the
eigenvalues, and associated eigenvectors, of A;;. The
eigenvalues are the roots of the characteristic cubic
equation for this tensor, given by

M+PX¥+QA+R=0. (3)

The coefficients of this polynomial are the invariants
of the velocity gradient tensor given by

P = -—Aj, (4)
1 1
Q = §P2 — EAikAkia (5)
Lo 1
"B = —§P =+ PQ == §A;‘kA-knAﬂi' (6)

The first invariant P is identically zero for incompress-
ible flow. It can be readily shown that the nature of
the roots of eqn. 3 is determined by the sign of the
discriminant of A;;, defined as

27
D=Zm+@. (7

If the discriminant is positive, eqn. 3 admits two com-
plex and one real root. If D < 0, all the roots are
real. Using these quantities, the local geometry of
three-dimensional instantaneous streamlines around
any point in a turbulent flow field can be cataloged
using the invariants ¢J and R and the discriminant .
Figure 1 summarizes all the possible streamline shapes
that can exist in an incompressible flow, classified ac-
cording to the values of these invariants.

An important feature of this method is that both @
and R, and consequently the discriminant, are invari-
ant under non-uniform translations and are indepen-
dent of the orientation of the coordinate system. More
generally, they are invariant under any affine transfor-
mation. As pointed out by Perry and Chong [13], this
technique also avoids the dangers involved in trying
to study a flow field by projecting three-dimensional
streamlines onto two-dimensional planes.

This method was used by Blackburn et al. [3], Soria et
al. [16], Cheng and Cantwell [7] and Chacin et al. [5],
to study the flow structure of numerically simulated
turbulent flows. The data considered here are from
the direct simulation of a turbulent boundary layer
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Figure 3: Top view of the zero pressure gradient, turbulent boundary layer showing flow structures of positive
discriminant (focus topology). The vertical extent of the domain is from y* &~ 1 to yt ~ 138. All the areas that
are not colored have topology of the type node-saddle-saddle (from Chacin et al. [5]).

over a flat plate under zero pressure gradient com-
puted by Spalart [17] at Res = 670. The invariants
of the velocity gradient tensor were obtained at every
point in the flow and cross-plotted in the @ — R plane.
The result, shown in fig. 2, is a joint probability dis-
tribution for these two invariants. Four contour levels
with logarithmic spacing are plotted and the value Pb
shown in the legend corresponds to the density of data
points ((R, Q) pair) per unit area of the plot, per sim-
ulation time step. The total number of samples, ob-
tained over 500 time steps was approximately 7.9 x 108
data points. The tear-drop shape of the distribution,
as well as the tendency of the data to gather near the
origin (as indicated by the darkest contour), have been
observed in several different flows—including decaying
turbulence (Cheng and Cantwell [7]), time-developing
compressible and incompressible mixing layers (So-
ria et al. [16] and Chen et al. [6]) as well as in tur-
bulent channel flow (Blackburn et al. [3])—and seem
to be a distinctive and universal trait of turbulence.
Furthermore, the second invariant () can be broken
into two terms

1 ‘
Q= 3 (Wi; Wi — 84;8:5), (8)

where W;; is the antisymmetric, rate-of-rotation ten-
sor and S;; is the symmetric rate-of-strain tensor. The
first term in eqn. 8 is proportional to the enstrophy
density whereas the second one is proportional to the
mechanical dissipation of kinetic energy. This expres-
sion, together with the sketches in fig. 1, highlight the

fact that the local flow pattern is determined by a
tradeoff between rotation and strain.

The invariants of the velocity gradient, rate-of-
rotation and rate-of-strain tensors were used by Black-
burn et al. [3] to conduct detailed studies of regions
of high dissipation in a simulation of turbulent chan-
nel flow. The authors observed a strong tendency
towards alignment between the vorticity vector and
the intermediate, principal eigenvector of the rate-of-
strain tensor (S;;). This is consistent with the nume-
rical studies of Ashurst et al. [2] and the experiments
of Tsinober et al. [21] in free shear flows. In wall
bounded flows, for these highly dissipative areas of
the flow, both terms on the right hand side of eqn. 8
tend to be of comparable magnitude particularly very
near the wall where all three scalars, @, R and D go
rapidly to zero.

While the joint probability distribution of Q and R
shown in fig. 2 is useful for the study of some of the
characteristics and properties associated with certain
specific flow patterns, it is also important to study the
relationship between the joint pdf’s and physical fea-
tures of the flow structure. As shown in fig. 1, the
curve D = 0 marks the boundary between focus-type
and node-saddle-saddle-type flow patterns in the Q—R
plane. Therefore, a surface of D = 0 in physical space
will identify regions of the flow within which the eigen-
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Figure 4: Top view of the computational domain showing regions of positive discriminant (light gray) and

isocontours of instantaneous —u'v’ (dark gray).

values of the velocity gradient tensor are complex and
thus may be a useful marker of dynamically impor-
tant motions (see Blackburn et al. [3]). These tend
to be mainly regions dominated by vortex stretching.
This approach was used to produce fig. 3. The di-
mensions shown in the figure were normalized using
wall variables (u, and v). As a practical matter, to
avoid interpolation errors, a surface of D = 0.04 was
used to make the plot. The maximum value of D was
approximately four orders of magnitude larger.

The isocontours of D = 0.04 show that the points
in the flow where the local topology is of focus type
are grouped together forming complicated flow struc-
tures of dimensions comparable to the boundary layer
thickness which extend almost all the way to the wall.
The majority of them are tilted streamwise tubes in-
clined away from the wall that seem to bundle and
twist creating long braids. Farther away from the wall,
into the logarithmic region, some of these tubes turn
in the spanwise direction and form horseshoe shaped
eddies reminiscent of the coherent motions first pro-
posed by Theodorsen [18]. Three of these structures
are indicated by the square outlines in fig. 3. The
surface D = 0.04 delineates the flow structure all
the way down to the viscous sublayer. Within the
sublayer @, R and D fall rapidly to zero and are
identically zero at the wall. This figure depicts a
boundary layer structure which is consistent with the
picture proposed by a number of investigators since
Theodorsen [18] including Townsend [20], Head and
Bandyopadhyay [9], Robinson [15] and more recent-

ly Perry and Marusié [14]. However, it needs to be
pointed out that these pictures are based purely on
the vorticity and do not take into account the funda-
mental balance between vorticity and strain which is
essential for the formation and shape of the coherent
structure and which is accounted for by the discrim-
inant. This distinction becomes crucial near the wall
where, as pointed out by Blackburn et al. [3], the vor-
ticity is very diffuse and is therefore a poor marker of
flow structure.

Relationship to Reynolds stresses

The importance, and usefulness, of the study of these
organized motions hinges on whether or not they can
help clarify the mechanism by which the flow of energy
from the mean flow to the small dissipative scales is
sustained. It is believed that a significant fraction of
the turbulent kinetic energy in wall bounded flows is
produced in short, intermittent, quasi-periodic events
called bursts (see for example Kim et al. [10] or An-
tonia et al. [1]) which are associated with the passage
of large eddies. Of similar interest is the mechanism
by which the components of the Reynolds shear stress
tensor are generated since they constitute the closure
problem of turbulence modeling. Figure 4 shows the
same view of the flow previously presented in fig. 3. In
the light shade of gray are, again, the regions where
the discriminant of the velocity gradient tensor is pos-
itive (focus topology). Superimposed on this view, in
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Figure 5: Time-averaged Reynolds shear stress (—u'v’) generating events associated with the four incompressible
flow topologies. The values of the contour levels shown are normalized by uZ (from Chacin et al. [5]).

the darker shade of gray, are isocontours of high, in-
stantaneous values of —u'v'.

This particular component of the Reynolds stress ten-
sor is the most important one for this particular flow
as it is the only one that appears in the produc-
tion term of the turbulent kinetic energy equation
(~u'v'8U/dy). The events shown in fig. 4 are about
6 times stronger than the peak, time-averaged value
of this stress. There is a clear spatial association be-
tween these bursts and the structures visualized using
the discriminant as they seem to occur in the immedi-
ate neighborhood of these eddies. A close inspection
of this figure reveals that the Reynolds stress gener-
ating motions actually occur where the discriminant
is close to zero and rapidly changing sign. Statistical
evidence of this observation will be discussed shortly.
Notice also that the areas of fig. 4 where there are no
visible, nearby structures of focus-type topology are
also devoid of motions with high values of —u'v'. A
computer-based flow animation prepared using several
hundred, consecutive realizations shows these bursts
growing, convecting and dissipating together with the
D > 0 eddies. This figure gives new meaning to the
notion of active and inactive turbulence once proposed
by Townsend [19].

The nature of these active motions can be further

studied using the @ — R plane. Figure 5 shows the
time-averaged value of the —u'v' stress associated
with each one of the four possible three-dimensional
topologies. The peculiar shape of this figure shows
that the strongest events are located toward the lower
right branch of the @ — R distribution with the high-
est values of —u'v’' corresponding to local flow pat-
terns with either unstable-focus compression or un-
stable node-saddle-saddle motions (with the events of
these latter type being located, in physical space, ad-
jacent to regions of positive discriminant). It can also
be seen that there are two distinctive peaks for the
strongest —u'v’ motions, one located right above the
D = 0,R > 0 curve and one right below it. These
two peaks were further studied using the quadrant de-
composition technique first proposed by Wallace et al.
[22]. Asshown in fig. 5, it was observed that the strong
u'v' motions below the D = 0 line were composed
mostly of sweeps (positive u', negative v') or high
speed fluid moving downward. Those located above
the aforementioned curve, in the region of unstable-
focus compression topology were almost entirely com-
prised of ejections (negative u', positive v'); low speed
fluid moving away from the wall.

In addition to suppressing turbulent fluctuations, the
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Figure 6: Time-averaged Reynolds shear stress (—u'v’) generating events associated with the four incompressible
flow topologies as a function of distance to the wall. a) y* < 5.0, b) 5.0 < y* < 41, ¢) 41 < yt < 107, d)

y* > 107. The values of the contour levels shown are normalized by u

presence of a no-slip boundary also creates a strong
shear. As a consequence, the flow is strongly inhomo-
geneous in the direction normal to the wall. Since the
data used to create fig. 5 comes from the entire layer,
the effects of the shear cannot be observed. This issue
is addressed in fig. 6. As indicated in the figure, the
boundary layer was divided into four regions (viscous
layer, buffer region, log layer and the wake) and the
same calculation for —u'v' was repeated in each sepa-
rate zone. In the viscous sub-layer (fig. 6a)), where the
turbulence level is predictably low, the unstable node-
saddle-saddle topology is the only kind of flow pattern
that contributes significantly to the Reynolds shear
stress and, as can be observed, these events are almost
exclusively sweeps (positive u’, negative v') or high
speed fluid moving downward. Farther away from the
wall, from the buffer region to the outer layer (figs. 6b)
through d)), the profiles are similar to that shown in

2

"

fig. 5. The only noticeable effect of the diminishing
role of viscosity is the change in the scales, with the
largest range of contours occurring in the buffer region
(where the production term and the turbulence inten-
sities also peak). In these regions (buffer, log layer and
wake) the strongest Reynolds stress events are associ-
ated with motions of unstable node-saddle-saddle and
unstable focus-compression topology. As pointed out
above, these events are located in regions where the
discriminant changes sign rapidly.

Finally, fig. 7 shows a similar view to that presented
in fig. 4. The dark gray contours indicate motions
with very high instantaneous turbulent kinetic energy
(uiul/2). There is a similar spatial correlation be-
tween these energetic motions and the eddies iden-
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Figure 7: Top view of the computational domain showing regions of positive discriminant (light gray) and
isocontours of instantaneous turbulent kinetic energy uju}/2 (dark gray).

tified using the discriminant of the velocity gradient
tensor, shown once again in the light gray tone. As
before, active and inactive regions are evident.

Relationship to the pressure field

A comprehensive study of the kinematics of turbulence
was carried out by Robinson [15] on the same numer-
ical simulation data presented here. In that work, the
author presents a taxonomy of coherent events that
have been observed in turbulent flows. He points out
the importance of vortical motions and how they could
be used to connect various types of structures. He
uses the pressure field as a means of identifying these
vortical motions. The rationale is that, for a two-
dimensional vortex with near-circular streamlines the
pressure has to reach a minimum at the vortex center.
In the absence of such near-circular streamlines, the
extrema in the pressure ficld need not occur.

Figure 8 shows the same view of the computational do-
main used in fig. 3 with surfaces of constant pressure
superimposed onto the structures visualized using the
discriminant. These latter contours were made trans-
parent to facilitate the comparison since pressure min-
ima commonly lie inside the surface D = 0.04. The
pressure threshold chosen was p/(pu?) ~ —4.3. This
level encloses the regions of the flow with the lowest,
instantaneous pressure and is the same one used by
Robinson [15] in his study. As can be seen in the fig-
ure, there is a general correspondence between the two

fields. In particular, pressure minima generally occur
where the discriminant is positive. Again, this is con-
sistent with the view that active regions are located at
the boundary of the D > 0 surfaces. The association
however is not universal.

This issue can be further explored by examining some
of the properties of the pressure field, which is gov-
erned by Poisson’s equation. This equation can be
recast as (see for example Cantwell [4])

Vip=2Q. (9)

For any three-dimensional function, a necessary con-
dition for the existence of a local minimum is given
by

Vip >0, (10)

so local pressure minima and regions of positive dis-
criminant can only coincide in areas where @ > 0. As
was shown in the joint probability distributions of @
and R in fig. 2, there is a significant number of flow
structures where D > 0 and @ < 0. These regions
can not be seen using isocontours of low pressure and,
as indicated by fig. 5, these areas are important in
Reynolds shear stress generation.

In addition, the use of the pressure field presents the
additional complication that a threshold level must
be chosen. For a relatively simple flow, with no mean
pressure gradient like this one, this selection is not un-
duly cumbersome. For a more complex flow with pres-
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Figure 8: Top view of the computational domain showing regions of positive discriminant (light gray) and
isocontours of instantaneous pressure (dark gray). The pressure threshold level is p/pu? ~ —4.3.

sure gradients it may not be possible to do so with-
out a certain degree of arbitrariness. This problem
is avoided by the use of the velocity gradient tensor
invariants, and the discriminant, since the threshold
value used (D = 0) is unmistakably determined by
the boundary between complex and real roots for the
characteristic equation (eqn. 3).

Conclusions

Perhaps no other problem in fluid mechanics has re-
ceived as much attention as that of the structure of
a turbulent boundary layer. In spite of all this effort
the lack of a unified framework for identifying and
describing the structure has been a continuing hin-
drance to progress. As a result, a substantial fraction
of the effort has been devoted to settling nagging is-
sues of nomenclature and communication. In this pa-
per we have described a methodology which identifies
dynamically significant features in an unambiguous
and coordinate-independent way. The method relies
on scalar measures of the velocity gradient field and
is generally applicable to all flows regardless of pres-
sure gradient, boundary conditions or Reynolds num-
ber. Moreover the extension to compressible flows is
straightforward. The method gives new meaning and
definition to the concept of active versus inactive tur-
bulence. It also gives new meaning to the concept of
an attached eddy and provides a physical connection
between the flow very close to the wall and the outer
part of the layer.

That the invariants of the velocity gradient tensor, and
in particular the discriminant formed from them, are
closely associated with Reynolds stress generating mo-
tions as depicted in fig. 5 is an important new finding
which may have significant implications for turbulence
modeling.
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Control of Gortler Vortices
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SUMMARY

It is shown that convex curvature is a strong nonlinear
stabilizer of Gortler vortices. It is also conjectured that
sub-critical roughness can prevent the growth of more
unstable modes and hence delay transition.

1 INTRODUCTION

In a boundary-layer flow over a concave surface, the
Rayleigh circulation criterion is satisfied and the flow is
subject to a centrifugal instability. This instability of an
open system with a weakly nonparallel basic state is
commonly associated with Gortler and is in the form of
stationary counter-rotating vortices. Saric (1994)
presents arguments for considering this problem to be
different from Taylor instabilities and Dean instabilities.
For general reviews of the subject, see Hall (1990),
Floryan (1991) and Saric (1994).

The Gortler instability is an important boundary-layer
instability that, under some conditions, leads the flow
through a transition to turbulence. It is known that a
Gortler instability can cause transition on the wall of a
supersonic nozzle in a boundary layer that would be
otherwise laminar (Beckwith et al 1985; Chen et al
1985). Moreover, the Gortler vortex structure exists in a
turbulent boundary layer over a concave surface such as
turbine-compressor blades (e.g. see Floryan 1991 for a
review). This instability is visualized, for example, with
surface striations on the reentry vehicles in the
Smithsonian Air & Space Museum where differential
surface ablation caused locally concave surfaces. On the
other hand, recent experiments (Swearingen &
Blackwelder 1987, Peerhossaini & Wesfreid 1988a,b)
show that the breakdown to turbulence in the presence of
Gortler vortices is typically through a strong secondary
instability caused by distortion of the steady velocity
profile. This leads to arguments regarding the linear
nature of this instability. In addition, the spanwise
modulations of the steady flow caused by the Gortler
vortices can also destabilize Tollmien-Schlichting waves
(Nayfeh & Al-Maaitah 1987, Hall & Seddougui 1989,
Malik & Hussaini 1990). These brief comments serve to
illustrate that this is a rich area of study.

1.1 Nonlinear mean flow distortion

The significant feature of a stationary, streamwise-
oriented vortex in a spatially developing flow is the
convection of streamwise momentum normal to the wall,
Figure 1 is a sketch of such behavior and Figure 1a,
shows the orientation of the vortex motion. At the z =0
position, the combined action of the two vortices
produces an upwelling of the flow. At the +7 position,
there is a downwelling. If the low-momentum fluid is
identified by the shaded area of Figure 1b as an initial
condition, the upwelling at z = 0 raises the low-
momentum fluid and reduces the shear. On the other
hand, the downwelling at +7 decreases the region of
low-momentum fluid and increases the shear. As the
motion continues, a mushroom shaped distribution is
formed as shown in Figure 1d.
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Figure 1.Evolution of mean profile distortion
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This behavior is verified experimentally by Peerhossaini
(1987) and with a typical nonlinear calculations by Liu
& Sabry (1990), Sabry & Liu (1991), Lee & Liu (1992),
Liu & Domaradzki (1993), and Benmalek (1993). This
phenomenon also exists in other flows with a stationary
streamwise vortex structure such as the crossflow
instability on a swept wing (Kohama et al 1990) and the
curved channel problem (Guo & Finlay 1994).
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Figure 2. Streamwise evolution of mean profiles of total
velocity for constant curvature case.

The consequence of this behavior is shown in Figure 2.
In this figure, the velocity profile is calculated for the
different streamwise locations and shows the
development of the highly inflectional velocity profiles
that would give rise to a Rayleigh instability. Here, x is
the streamwise distance from the leading edge normalized
with the with distance from the leading edge where the
curvature is first applied, 7 is the Blasius variable, and
u, is the total mean velocity (Benmalek & Saric 1994).
The computations are for the nonlinear, parabolized
disturbance equations and should be considered as generic
features that are characteristic of these distorted profiles.
One can do a comparable development of the spanwise
gradients of the velocity profiles and show that these are
subject to a Kelvin-Helmholtz instability. The spanwise
gradients are as large as the wall-normal gradients and
that flows such as this are subject to strong secondary
instabilities.

1.2 Saturation and breakdown

The other feature of this nonlinear profile distortion is
saturation. At some streamwise location, the disturbance
energy saturates as shown in the generic Figure 3. This

figure contains the trajectories of the integrated mode
shapes for different curvatures. The constant curvature
case is Kk/k,=1. Saturation does not occur at a
particularly large Gortler number.
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Figure 3. Sreamwise evolution of maximum streamwise
velocity disturbance for different curvature conditions.

The first measurements of the strong distortion of the
mean flow and the description of the nonlinear process
are found in Aihara (1979), Yurchenko et al (1980),
Yurchenko (1981), and Ito (1980). Yurchenko also noted
the importance of the spanwise gradient of the
streamwise flow, ow/dz, which is as large as the wall-
normal gradient, ou/dy. This was followed by the work
of Aihara & Koyama (1981) who identified the
breakdown of the vortex structure as a secondary
instability due to a horseshoe-vortex structure.

The Gortler vortex problem is really a nonlinear,
nonparallel instability where the basic state cannot be
decoupled from the disturbance state or the initial
conditions. In fact, the only reliable assumptions about
the Gortler problem are that it is spanwise periodic and
initially stationary. Prior to the onset of the secondary
instability, the experiment teaches us (i) that there is
significant profile distortion from mcan.flow (Figure 2);
(ii) saturation will “occur (Figure 3); and (3) the low-
momentum streaks form a mushroom-shaped cross
section (Figure 1).

Sabry & Liu (1988, 1991) and Liu & Domaradzki (1993)
did a temporal calculation of the spatially developing
vortex and they were able to achieve good agreement
with experiment. Lee & Liu (1992) did the nonlinear
spatial computations of the parabolized Navier-Stokes
equations as did Guo & Finlay (1994), Benmalek (1993),
and Benmalek & Saric (1994). Whereas some numerical
details differ between these computations, they are stable
computational models of the steady spatial evolution of
the Gortler vortex structure. Both Lee & Liu (1992) and
Guo & Finlay (1994) give the successful comparisons
with the data of Swearingen & Blackwelder (1987). Lee
& Liu go one step further and show that the initial



conditions typically used by Hall (1983, 1988) do not
give as good a comparison with experiment as compared
‘with initial conditions chosen as eigen solutions to the
separation of variable solution (e.g. Day et al 1990). A
more complete review is given by Saric (1994).

2 CONTROL OF CURVATURE
2.1 The concave/convex wall

We consider a concave circular arc attached to a convex
circular arc of the same radius 1/x; by a section with
continuously  varying  curvature. The  curvature
distribution between the circular arcs is chosen as

K/K, = —tanh[3(x - 8)]

The convex curvature starts at x = 8 which is upstream
of the location where the mushroom-shaped contours are
established; that is before the onset of the associated
secondary instabilities. This allows us to study whether
the mushroom-like structures and the associated
streamwise velocity inflectional profiles and secondary
instabilities can be prevented by convex curvature.

Benmalek & Saric (1994) show that in the convex
region, the primary pair of vortices is lifted upward away
from the wall while a new pair of vortices with opposite
sense of rotation is created. These vortices appear
initially as recirculating eddies near the wall at each side
- of the interface z = n/a separating the vortices of the
preceding primary pair. These new vortices strengthen
and expand for some distance downstream while the
preceding pair weakens. The new vortices move the low-
speed fluid, that was initially ejected from the wall by
the preceding pair, back towards the wall. They also
eject low-speed fluid away from the wall at the spanwise
locations z =0 and 2n/o, where high-momentum fluid
was moved towards the wall by the initial vortices.
While strengthening for some downstream distance
immediately after its creation, the new pair of vortices
does not reach the maximum amplitude of the preceding
pair as indicated by the streamwise evolution of their
amplitude in Figure 3. This process of creation of new
sets of vortices with opposite rotation to that preceding
each set near the upwelling interface on the convex wall

continues downstream and eventually, the vortices are ~

too weak to affect the flow. Eventually, the iso-contours
of mean velocity are dissipated from the mushroom
shape, the flow becomes two-dimensional with a similar
distribution of iso-contours as the Blasius flow. The
effect on the meanflow contours is shown in Figure 4.
The mean flow is observed to go from the highly
inflectional state to a benign profile as x increases.
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Thus, convex curvature is a strong stabilizing influence
on Gortler vortices and can be used effectively as a
control device.
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Figure 4. Streamwise evolution of mean profiles of the
total streamwise velocity for concave/convex curvature.

2.2 Periodic Curvature

Saric & Benmalek (1991) and Benmalek & Saric (1994)
show that in the case of periodic curvature, the
stabilizing effect of the convex region is greater than
the destabilizing effect of the concave region. This is
shown in Figure 3. Thus, the well-worn Gortler-Wittig
mechanism (see Lesson & Koh 1985 for a recent

" example) for destabilizing the boundary layer does not

exist and in fact is stabilizing. If one needed to sustain a
region of convex curvature over a body at moderate
Reynolds numbers, judicious use of periodic curvature
could permit one to sustain an overall concave surface.

3 CONTROL WITH ROUGHNESS

In Saric et al (1998), stationary crossflow waves are
investigated on a swept airfoil within a low-disturbance
environment. A review of this mechanism can be found
in Reed & Saric (1989). Although the stationary
crossflow waves are co-rotating vortices, the same
distortion of the mean flow occurs as in the case of the
Gortler vortices and the secondary instability pattern
leading to transition is similar. Thus there may be an
analogy between the control of these two mechanisms.
Therefore, a brief description of the results of Saric et al
(1998) are given here.

Stationary crossflow waves dominate the - transition
process even though the surface is polished to 0.25 pm
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rms roughness. The results of Reibert et al (1996) show
that the spectral content of the stationary instability can
be controlled by the careful addition of artificial
roughness at a particular wavelength. For reference, it is
necessary to note that under the conditions of Reibert et
al (1996), the most unstable wavelength was 12 mm.
The roughness initiated waves at integral multiple
wavenumbers of the primary mode i.e. harmonics in
wavenumber space but not subharmonics.

Saric et al (1980 showed that the disturbance field
obtained with 18 mm spaced roughness is qualitatively
consistent with the experiments of Reibert et al (1996),
with one important new discovery. Applying the
roughness elements such that the spacing is not a
multiple of the most unstable wavelength, effectively
suppresses growth of this most unstable mode. The
strong growth of the 9 mm mode (the harmonic in
wavenumber space) prevents the naturally occurring
dominant mode from appearing. This suggests that
forcing modes that do not grow strongly (or have
harmonics that grow strongly) may yield smaller total
disturbance growth.

Saric et al (1998) then examined a subcritical roughness
spacing of 8 mm for elements that were of 6 um high.
Under certain conditions, the subcritical spacing
effectively delays transition past that of even the natural
roughness case (0.25 um). This behavior was sustained
for roughness heights of 48 um. The excited disturbance
shows initial exponential growth, but then saturates and
decays dramatically. The strong initial growth of the
subcritical disturbance inhibits the growth of the most
unstable wavelengths. The decay allows longer-
wavelength background disturbances to grow downstream
(as linear theory predicts) which may eventually lead to
transition.

The implications of the subcritical roughness spacing
results are profound. Although some issues remain to be
addressed in terms of appropriate roughness height,
subcritically spaced roughness shows promise as an
effective passive transition-control mechanism for cases
where stationary structures dominate.
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SUMMARY

Boundary layer in natural conditions is influenced by
disturbances of different types coming from outside. An
approach was developed for experimental study of
disturbance interaction. It was realized using a special
hydrodynamic complex including a water channel with
the regulated freestream turbulence level, different kinds
of strain gauges and devices for the introduction of small
disturbances into a boundary layer from its outer and
inner edges. There were used in experiments visualization
methods (in particular, tellurium method) thermo- and
laser anemometry and strain-gauging. Besides, a
technique was developed to carry out measurements of
space-time characteristics of disturbing motion.

Kinematic, spectral and correlation characteristics were
" investigated at different stages of natural boundary layer
transition including the turbulent state on flat and concave
plates. The model of disturbance transformation through
all the transition stages was proposed. Each stage was
considered from the point of view of mechanisms driving
the disturbance development resulted in a next stage.
Some empirical relations were obtained for wave lengths
of two and three-dimensional disturbances depending on
the Reynolds number. Conditions of the occurance of two
transition types and their connection with two distincet
intermittency factors proposed were analysed. Resuits
were presented in the form of profiles of mean and
fluctuation longitudinal velocity components and also of
neutral curves and curves of maximum amplification in
Tollmien-Schlichting and Gortler diagram.

Structural and kinematical-dynamical principles of
boundary layer interaction with compliant surfaces were
formulated.

Interactions of different disturbances were studied in
boundary layers on resonant and dissipative compliant
plates.

1. INTRODUCTION

It is considered that investigations of I. Kramer [14] on
the elastic surfaces published in 1957 was the beginning
of development of a new direction in a hydromechanics.
Actually, the announcement about the developed theory
of liquid flow in elastic pipes [12] was made by the
Russian professor 1. S. Gromeko on May 14, 1883.

The main stages of development of a flow over elastic
surfaces problem are explained in reviews and
monographs [2, 5. 6, 8,9, 10, 11, 13, 15, 18].

The M. Kramer considered that the effect of elastic
surfaces interaction with a flow is stipulated by damping
of Tollmien-Schlichting waves. Therefore, the problems
of hydrodynamic stability during a flow over elastic plates
were wideily investigated in the beginning after
publication of resuits of his experiments.

The study of a problem with the purpose of examination
and substantiation of Cramer's idea was executed for the
first time by Benjamin and Landahl [6, 15].

Among the home scientists the experimental researches of
a boundary layer on elastic plates were carried out by A.
I. Korotkin {5], V. B. Amphilohiev [1], B. N. Semenov
[20]. Recently, Gad-el-Hack [1!], Bushnel [9], Fisher
[16]. Carpenter [17] etc. fruitfully worked in this
direction.

The resuits of experimental researches of laminar [13],
transitional [10] and turbulent [4] boundary layers at a
flow over various kinds of elastic surfaces are presented
in this work.

2. MEASURING METHODS OF BOUNDARY
LAYER PARAMETERS v
Boundary layer velocity field is visualized with
tellurium method [21] and with coloured streaks.
Velocity measurements are carried out with the laser
Doppler  anemometer (LDA) and DISA
thermoanemometer [10].

The hydrodynamic bench, equipment and devices are
described in [10] and detail in Fig. .

A low-turbulence hydrodynamic test bench comprises
special equipment and devices. The following are the
basic technical data of the test bench: length of test
bench 7 m, length of test section 3 m, cross-section of
test section 0.09x0.25 m, range of operating speeds
0.05+1.5 m/sec, effuser contraction factor equal to 10.
Mounted on the test bench are the following main
devices: a duplex bottom of the test section, a
removable cover of the test section. The test bench is
equipped with a boundary-layer bleed in the corners
of the test section. The cover of the test section can be
tilted to various angles and rails are laid out along the
test section, over which the car with special apparatus,
LDA and DISA moves.

The tellurium method was employed and a set of
special equiment was constructed for measuring the

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held in Kiev, Ukraine, 1-3 September 1997, and published in R-827.
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velocity field and recording the neutral oscillations.
Tellurium wires were attached 1o special supports.

Small oscillations of various types were introduced
into the boundary layer with the help of specially
designed oscillators for measuring neutral oscillations.
Supports were arranged further downstream, making
it possible to obtain small telturium jets. The oscillator
vibrational frequency changes in the course of the
experiment, the amplitude of the tellurium jet
oscillations being recorded. The voltage applied to the
tellurium wires during photography of the velocity
profile was approximately 500+600 V. whereas
10+20 V were required when recording the teliurium
jets.

Small oscillations were introduced into the boundary
layer mainly with the help of two oscillators. The
mechanical. oscillator consisted of a frame on which
two motors were mounted, making it possible to
obtain the required range of the oscillator ribbon
oscillating frequencies. The oscillation amplitudes
varied due to the eccentricity of the various bearings
through which the oscillations were transferred from
the axle to the rod. Attached to the rod were two
pushers to which the oscillator ribbon wads fastened.

The experimental investigation of hydrodynamic
stability was conducted on the bottom of the test
section of the hydrodynamic bench [19]. The method
of obtaining dots on the neutral curve consisted in
determining the maximum amplitude of tellurium jet
oscillations at a fixed point in the test section with the
help of photography. The velocity profiles were
photographed simultaneously. In this way the dots of
the second branch of the neutral curve were
determined.

A series of the above-mentioned measurements was
carried out in various places of the test section to
permit experimental plotting of the neutral curve, the
distance between the oscillator and the supports not
exceeding 20 cm.

The method of investigation of natural transition at
nonlinear stages consists in the following. First of all a
boundary layer is examined in different aspects with
the tellurium method along the test section. On Fig. 2
there are examples of visualization, with tellurium-
method, of stream-lines and profiles of mean
longitudinal velocity and also the form of nonlinear
Tolimien wave modeled on a computer. The particular
attention is paid to the registration of the velocity
distribution transverse to the flow, the teilurium wire
being placed here on varying distance from the floor.

Fig. 3 shows the velocity profile in boundary layer in
transverse direction: (a) - for rigid plate at zero
pressure gradient, (b) - the same at adverse pressure
gradient. In first case small deformation of velocity
profile was observed. in second one - very large. Fig. 3
(c) shows the velocity profile on elastic surface. The
pattern is different from both previous cases. Such
procedures are carried out under U,=const along x

axis; so the increase of Re allowes to fix up different
transition stages at specific positions along x.

Simultaneus photography of velocity profiles in
vertical and transverse directions and also of
longitudinal tellurim small jets gives the possibility to
construct the spatial-temporary picture of exciting
motion and velocity field during different stages of
transition. The example of such pictures is given in

-Fig. 4.

Analysis of profiles U(z) gives the possibility for
determining the characteristic points along y and z
axes where the boundary layer kinematic parameters
are measured with LDA and DISA. All these
measurements are made under a low turbulence level
(€<0,05%).

Further the transition features are studied over the
inserting floor section at x=const, U, =var.

The main method of experimental determination of
neutral stability curves was worked out by Schubauer
and Scremstead on the basis of theoretical analysis of
Tollmien and Schiichting and was fully covered in my
book.

3. DISTRIBUTION OF PARAMETERS OF
DISTURBING MOTION THROUGH THE
LAMINAR BOUNDARY LAYER.

Determined was distribution of amplitudes of exciting
motion transverse velocities throughout the thickness
of the boundary layer at varying oscillation amplitude
of the oscillator. Velocity v' is directly proportional to
value Ay. With the Av>0,7 mm, velocity v' becomes so
significant (velocities u' and w' rising correspondingly)
that a turbulence takes place immediately beyond the
oscillator. The amplitudes of exciting motion
velocities were at maximum when the disturbance
source was within (0,1+0,3)y/s.

Dimensionless wave number a8* and the velocity c/u
of exciting motion propagation are practically
independent of the disturbance source location in the

. boundary layer thickness. At the same time the

measurements have shown that values ad* and ciu
depend on the amplitude of the oscillator (Fig. 5).
When the disturbance amplitude rises to 0.7 mm,
quantities a8* and c/u tend to attain ultimate values
throughout the entire thickness of the boundary layers
under given experimantal conditions and with
Brv/U2=525-10¢, Rez=653 these being 0.5 and 0.65
respectively.

It has been revealed that in the investigations of the
hydrodynamic stability the following conditions have
to be adhered to. The degree of turbulence in water
should not exceed 0.04%. The amplitude of oscillator
strip oscillations should be of the order of 0.2-0.5 mm
at selected range of velocities 10 to 20 cm/sec. The
cross velocities v' built up by the oscillator should not
exceed 2% of the main flow velocity. '



Investigated was the distribution of wave numbers
and phase velocities of the exciting motion throughout
the boundary iayer thickness at optimum- oscillator
ribbon positioning and at its optimum amplitude
(Fig. 6). With the Reynolds number being constant,

each oscillation frequency has its own nature of wave -

number variation throughout the boundary layer
thickness, whereas in the phase velocity the differences
in dependences are manifested slighter. It has been
discovered that with the advance toward the outer
limit of the boundary layer the wave numbers
decrease, i. e. the wave length increases and at the
same time the phase velocity steadily rises. These
results show that dependences of quantities ad* and
¢/u on the boundary layer thickness and on the
exciting oscillation frequency are quite complex.

On Fig. 7 there are results of measurements of
distribution ¢i/u versus 8 (u - local velocity-in point of
measuring). General behaviour is opposed to that on
Fig. 6, where it can be seen that value of ¢ increases
with y/5. Growth rate of averaged velocity u with
increase of y/& forestalls that of c:, that stipulates the
behaviour of curves on Fig. 7. From above data it
follows that c~u at y=8* in only the case when
frequency of fluctuation of disturbing motion is equal
to frequency of neutral oscillation, and disturbance is
introduced and located in the region of critical layer.
In all other cases, when the frequency of disturbing
motion more or less than that of second neutral
oscillation, c-~u only at y/6=0.4-0.6 being the more
ratio n/ny; then at higher values y/d equality mentioned
is valid and the steeper the curves. General behaviour
is as follows: near the wall ¢; considerably exceeds u,
and the more x the more exceeding; above y/3=0.4+0.6
value ¢ becomes less than u. However near the wall
the fluctuations damp due to viscosity in spite of large
values of ¢r. Not far from Re.. the curves, as functions
of y/8,change not so strongly in comparison with that
at large x.

On Fig. 8, there are plots of c/u versus oscillation
frequency. It was found out that if yy~yp.~8* then,
under all test conditions for (x, U,,), ci~u only at n=nu
that is at frequency of second neutral oscillation, but
at n=zny this relation becomes c/u>1. At frequency
n<ny, that is in the region of unstable oscillation of
neutral curve, ¢; is more close to u than when crossing
neutral curve into the region of stable oscillations. At
n>ny the value of cr increses sharply at the beginning,
until it becomes from 1.2 to 1.5 times as much as u,
and then, as n increases the value of ¢ decreases
smoothly. It is typical that as x decreases or U,
growthes, value of n increases that is B/U,=oc (1),
that is accompanied by curves smoothing (Fig. 8. b,
curves 7, 12. 13), and not far from Rews. at any n
practically the equality ¢./u~1 is valid.

Thus, depending on frequency and iocation through
the boundary layer thickness for introduced
disturbances, velocities of their propagation are
significantly different. Only disturbances, which were
introduced in the region of critical layer at Res,
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propagated with velocity c¢=u in wide region of
frequencies. Disturbances generated, for example, by
wall (at y/5<0.33) propagates faster, and those which
come into boundary layer from outside (y/6>0.33)
propagates more slowly than u. As a general one,
remains the fact that when these disturbances come to
region of critical layer, they propagate with velocity
¢=u at n=nn. Also remained in force is the following:
oscillations with frquency more than nn propagates
with velocity c¢>u. This is the reason of extra
harmonics appearance, even if all conditions are met
and specified is only oscillation with n=ny, as well as
one of the reason for origin and development of non-
linear stages of transition.

Taking into account the test accuracy, one will have:

2

o n

A LI

from n<n,,
u {n, )

S _16ig-L+1 from n>n,,.
4 M @

The investigations have shown that at each point
along the working part oscillations were observed in a
strictly definite frequency range. Fig. 9 represents
dependences of wave numbers and phase velocities
upon disturbing motion oscillation frequency. By the
maximum values of these points a region has been
plotted, limited by a dot-and-dash curve outside, of
which no oscillations of any frequ\?ncy in the
boundary layer were observed. This curve has been
defined as ultimately neutral curve. Dashed curves
show dependences of wave numbers and phase
velocities on the oscillation frequency along which the
cluster of points is layed out at a definite velocity of
the main flow. Neutral curves were not plotted
experimentaily within these coordinates.

Despite the scatter of the experimantal points, the
obtained measurement results have shown that certain
regularities are observed between the wave length and
phase velocity on the one hand and the oscillation
frequency of the exciting motion - on the other. These
reqularitics are, however. not' single-valued and
depend on the main flow velocity.

Neutral curves, plotted in non-traditional coordinates
“the wave number - phase velocity", have allowed to
obtain the empirical dependences for disturbances that
develop with frequency of second neutral oscillation

o5 =14-10° 2 1015
u

ow

D‘i=o,7-103’3—'}+0,2

” * 3)
Here a=2n/A - wave number of disturbing fluctuation;
A - length of Tollmien-Schlichting's wave; §* -
replacement thickness, Br=2nn - circular frequency; v -
coefficient of kinematic viscosity.
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4. PHYSICAL PATTERN OF STAGES OF
LAMINAR-TURBULENT BOUNDARY LAYER
TRANSITION i

On Fig. 10 there are schemes of different variants of
disturbing motion behaviour obtained on the basic
of photoes of disturbance development visualization
with tellurium-method.

Shown is behaviour of tellurium streaks (a) as
frequency increases, at x=const. Amplitude of wave
increases at first and then decreases. On Fig. 10, b the
streak behaviour downstream is shown at U, =const at
two vibrator frequencies.

While simultaneous shooting from the side and from
above, a helical motion of streak (Fig. 10, ¢) was
found out, that is non-linear behaviour of wave.

Development of disturbing motion is shown at

adverse pressure gradient, Fig. 10, d and at non- -

sinusoidal oscillation of vibrator ribbon, Fig. 10, e.

We have the large enough amount of experimental

data in order to conclude that at the low turbulence

level the transition process is characterised by the

succesive change of disturbing motion types. The

model of this succession was developed (Fig. 11) on

the basis of the study of the natural boundary layer

transition and the well-known results of Knapp and

Roach, Klebanoff and oth., Tani. Morkovin, Kline

and many others. The wave transformation process

during transition to turbulence can be devided into the

following stages (Fig. 11): '

~ plane disturbances amplification;

- wave modulation in phase - three-dimensional
effect emergency;

~ generation of the longitudinal rows of A-shaped
vortices;

— arrangement of the longitudinal vortex system;

— transformation of votices in form and intensity,
indulation of vortices;

— breakdown of peripherical parts of undulating
vortices;

generation of turbulent spots, their growth confluence

and turbulent boundary layer development.

At present there are: two concepts explaining the

successive development of the transition process:

- it is defined by modes development and interaction
in a boundary layer;

- it is defined by the vortex filaments behaviour.

Both concepts are reasonable - the conditions and
mechanism of their interaction are discussed in detail
in my book.

Small particle of liquid contains double information

concerning its movement:

— as the vibrating element it is characterized by
frequency-wave and other parameters;

- as the moving element it is characterized by
vorticity, i.e. by the trajectory of its movement.

In any case it is necessary also to analyse the structure
of disturbances: for example, the form of linear and
nonlinear waves, the form and direction of vortices
and, besides, the disturbing motion intensity.

5. INVESTIGATION OF DEVELOPMENT OF
DISTURBING MOTION ON CURVILINEAR
SURFACES

Regularities of disturbances evolution and of
alternation of transition stages have common
properties under different conditions of flat plate
flowing.

For much more approaching to real conditions of
flowing, analogous measurements on curvilinear
surfaces have been carried out (Fig. 13) [10].

In Figure 13, a there is & visualization of profiles U(z)
evolution along x on various curved surfaces. At plate
curvature R=4m, it is seen that yet before the
beginning of diffuser region, still on horizontal part at
x=0,3 m (@), one can see strong bend of the profile in
comparison with that on flat horizontal plate. At the
beginning of diffuser part at x=0.6m (b) a quite
stable, in time, flow braking happens along the
channel axis. Measurements over the most low part
(that is higher, along y, above braked area) have
shown that profile U(z) was bended weakly at x=1.1 m
{¢,d) just as downstream at x=1.52 m (e).

In convergent region, at x=1,8 m (f, g) and 2,15 m (#),
the wave length of longitudinal vortical system as well
as amplitude of deformation decrease - that is like a
stabilization of flow happens under influence of
centrifugal -forces and negative pressure gradient.
However, now non-steadiness of U(z)-distribution is
manifested greatly, being much more intensive than on
horiz