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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

Frequency (Hz)
&

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

CENTERLINE
OF JET #1

VEHICLE
CENTERLINE

T (P I,

4k

d

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
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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.
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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.



/”-”. i
> @<y I S
= { _‘\\Kj

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”,
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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




2.00 T Q
1.00
R
| I | oLen 1 I 1 |
[ ' I SroY T T L
-0.75  -0.38 D 0.38 0.75
D=0 |
-1.00
-2.00 - a)

-2.00 c)

u'v'< -1.3

-13 <uv < =10 =10 < u'v¥ < -0.7 -0.7 < u'v¥ < -0.4

7-7

-2.00 d)

-0.4'< u'v

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.



9-4

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
horizontal surface at large €. Change in shape of U(z)
takes place within 3 to 8 seconds, that is 4 to 6 times
faster, especially at y>8: (g, h). At y<8: non-steadiness
is revealed in oscillative motion of disturbances in
transversal direction (f) rather than in change of shape
U(z), that is in-layer (layered) development of
disturbances is observed. Zigzag-like shape arises at
y<&1 and then propogates all over the thickness 3.

At smaller curvature, distribution of U(z) along all the
working section is constant: at R=12m, x=0,6 m,
y=4-10m (i) and x=0.6m, y=6-10>m (j). On the
contrary, at bigger curvature (R=1m) the more
intensive deformation of profile takes place: x=2,22 m,’
y=3-10" m (k). Profiles a, b, g, # have been obtained at
y=6-103m.c,e- 1-102m,d - 2-10-2m, /- 410> m.

Measurement concerning disturbances development in
cylindrical channel (Fig. 13, b) at R=1m has shown
that both on convex and concave surfaces of the
channel distribution of U(z), though remaining non-
stationary, has much more stable character than in
opened channel. Data for Fig. 13, b are as follows:
U,=0.044 m/s (a-c, h-) and 0.037m/s (d-g);
x=0.8 m{a-c), 0.93 m (d-g), 1.05m (h-)); yr=2-103m
(@), 6-103 (5, 1:10-2 (), 5:10% (@), 1-102 (e, /), 1.5:102
(g), 1-10-% (A), 5-10-3 (i), 1.5-102 (). Non-steadiness is



manifested mainly in oscillation of velocity minimum
in transversal direction.

6. BOUNDARY LAYER EVOLUTION ON
ELASTIC CURVILINEAR PLATES

As it was shown above, increase of intensity of three-
dimensional disturbances and change of their
parameter A; has resulted in fast forming, in boundary
layer over elastic plates, and siable preserving, at all
stages of transition. longitudinal vortical structures
which have minimum friction coefficients (Fig. 14).

Investigation of complex interactions has been carried
out on curvilinear plates at increased degree of
turbulence and on cylindrical surface 100. Intensity of
disturbing motion was being increased too by using
vortex-generators B4 which had the twice height as
compared to height of B3 (Fig. 14). Like on rigid plate
(section 2), measurements were carried out on the
same curved bottoms which were stuck around with
sheets of elastic material of PE-3 type having thickness
0,003 m and 0,0! m.

Under the most unfavourable conditions (at curvature
radius R=1 m), elastic material of (,003 m thickness
was stuck not throughout the all surface, but in
longitudinal stripes of 1.=0,042 m step (on flat rigid
plate at natural transition, vortical systems had
A2=0,045m). Air layer in non-glued places increased
the damping ability of elastic material [4]. If on rigid
curved plate in duffuser section observed was separate
flow, then on elastic one - system of longitudinal
vortices with 1,=0,042m. Vortex generators B3,
mounted at the beginning of diffuser section, created
disturbances which suppressed mentioned system of
longitudinal vortices during natural evolution of
boundary layer. However at distance 0,2m from
vortex generators their influence disappeared. The step
of forced vortical structure corresponded to %, of
vortex generators, and deformation of U(z) profile
was the same pointed one (means non-linearity) as on
flat elastic plate too as well as on linear stages of
transition [10].

Once elastic material (of 0,01 m thickness) was pasted
through all area, iis absorbing/damping properties
have deteriorated. This has resulted in that separate
flow arised in diffuser section as on rigid surface too.
Introduction of disturbances by means of vortex
generators B3 stabilized the flow.

During investigation in cylindrical section there were
mounted vortex generators of different step A., then
U(z) profiles were photographed along curvilinear
section from above, through the transparent lid. With
help of LDA and tellurium method, velocity U(y)
profiles were measured which were used to determine
the momentum thickness. Using the character of
evolution of U(z)-profile along elastic curved plate,
parameters of neutral longitudinal vortical systems as
well as systems of maximum amplification were
determined.
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In the same way determined were values of A, and &,
on curved elastic plates during natural transition and
when introducing, into boundary layer, three-
dimensional disturbances from vortex generators B3.
For neutral three-dimensional disturbances value of A,
was equal A;=0,01+0,02 m on curved elastic plate of
0,01 m thickness, R=4m. at U,=0,033 m/s, x=2,2m
and y=0,006 m. Corresponding Gertler's parameters
have the values: G=2,1; «8:=0,5+0,84, and for
becoming more intensive disturbances introduced:
Az=0,028 m, G=2.1; «d2=0,36. Just on this plate,
natural disturbances with 1,=0,05 m are characterized
by: G=2.1: 182=0,2. On curved plate with R=1m at
U,=0,213m/s, x=1,35m, for growing forced
disturbance with A;=0,02m, one has: G=13,8 and
ad2=0,55.

Pairs of parameters obtained are plotted in form of
points on diagram of Gertler's stability (Fig. 15). First
Gertler's number for rigid curved plate is Go=0,3 and
for elastic one Go=2,l. Increased too is the second
critical Gertler's number G° which characterized
destruction of ordered motion in boundary layer and
transition to turbulence. Like that, in [10] for rigid
surface during artificial generation of vortical
disturbances it was obtained: G'=6.3. On elastic
surface for curved section that was correspondingly
G’=18.8 and for cylindrical one (using B4): G'=80,
that is 3-13 times higher. If one would take into
account the less velocities of growth too, then non-
linear area of transition when flowing elastic surfaces
stretched essentially. Range of values of wave lengthes
of unstable longitudinal vortices decreases too.

7. PHYSICAL SUBSTANTIATION OF THE
MECHANISM OF A FLOW INTERACTION WITH
AN ELASTIC SURFACE .

The static or quasi-static interaction of a flow with an
elastic surface is considered in the majority of work,
and the field of external loads is represented as a bend
wave of pressure. At such simplified approach many
peculiarities of an elastomer interaction with a
boundary layer are not taken into account.

During the computation of hydroaerodynamic
interaction it is necessary to considerate the specific
schemes of an elastic surface and modes of external
loads under various conditions of a flow over for
construction and the descriptions of a complete
rheologic model of a material.

Principles of structural and kinematics-dynamic
interaction of a boundary layer with a streamline
surface are based on development of elastic surfaces
schemes. These principles are stated in [4].

The structural principle consists in fulfillment of
conformity between structures of a disturbing
movement in a boundary layer (or its characteristic
areas) and elastic plate. It means, that if there is the
intensive flat wave in a critical layer on the initial
stages of transition, it is desirable that an outside layer
of an elastomer had the structure generating also flat
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disturbing movement under action of a pressure field
of a boundary layer.

The kinematics-dynarnic principle is, that the
mechanical properties of all layers or outside layer of
a composite elastic plate should provide kinematics
and dynamic conformity to the characteristics of a
boundary layer. In this case, energy of a flat wave in a
critical layer on the initial stages of transition should
be enough to cause deformation of an outside layer of
an elastomer. Thus, the frequency of forcing force of a
boundary layer should correspond to own frequency
of this layer (or several layers) of elastomer. Then, the
fluctuations will appear in an elastomer under action
of an external load, which will damping an external
load at a certain ratio with a phase of forcing force .
In a case of a waveguide structure of an elastomer,
there will be the superficial waves in an elastomer and
on the wall - liquid border under action of an external
load. The energy of a flat wave of a boundary layer
will be picked out to maintain this waves and will be
damp by that.

The coordination principle consists in fact that two
first principles should take place on length of a
streamline surface in each place. In other words, the
structure and properties of an elastomer (or its outside
layer) should change at modification of structure and
properties of a disturbing movement in a boundary
layer.

The elastic surface section in region of a stage of
longitudinal whirlwinds formation arrangement
should have the other structure: it should correspond
to a structure, sizes and direction of these whirlwinds.
The structure of a surface should correspond to
structure of current in viscous sublayer at a stage of an
advanced turbulent boundary layer.

8. PROFILES OF AVERAGE SPEED ON ELASTIC
PLATES

Various kinds of monolithic and composite elastic
plates established and tested in an insert were
developed on the basis of results of researches. The
mechanical characteristics of these plates were
measured with the help both standard and specially
developed devices [4]. A boundary layer on these
elastic plates both in a hydrodynamic pipe, and in an
aerodynamic pipe [4] was investigated. In the latter
case the tests were carried out with the help of a hot-
wire anemometer DISA at ~10 and 18 m/s speeds of a
running flow. The value of a turbulence degree of a
flow & made about 1.7% at U,<l0m/s, and at
U,>10 m/s - ex2%.

Calculations shown the majority of investigated elastic
plates m-parameters were unoptimum in a range of
working speeds during tests in an aerodynamic pipe.
Therefore, it is possible to explain positive effects fixed
in experience most likely not by resiliently damping
properties of elastic plates, but by fulfiliment of
structural and kinematic-dynamic principles of
interaction of a flow with an elastic surface. The
conformity of structure of a disturbing movement in

viscous sublayer to a structure of an elastic plate is
characterized by parameters

+ )\'ZUT
A, =2, @
Vv
yu
y' = A (5)
v

Here u,=(tw /p)'? - dynamic speed, tw - pressure of
friction on a wall, v ; factor of kinematics viscosity.

The distance between Kline-stripes equal to double
length of a wave A, of longitudinal whirlwinds in
viscous sublayer as it is shown in [7].

The dynamic conformity of a disturbing movement
and elastic plate is characterized by parameters

LTy

Tt ©
v

t=(14)" )

where T and f - period and frequency of ejections from
viscous sublayer.

Here and hereinafter the efficiency of elastic plates will
be understood as set of positive attributes, testified
reduction of hydrodynamic friction resistance in
comparison with a case of a flow around the rigid
standard.

The measurements were carried out on eleven elastic
plates in the following sequence: the standard, 1, la, S,
9, 2a, 11a, 104, 7. 3, 8a, 11, the standard. The speeds
of the basic flow in the appropriate sections . of
measurements are resulted in tab. 1. The Reynolds
numbers changed in 7.7-105+1.5-10¢ limits in HI
section of the standard.

Except of m-parameters. describing mechanical
properties of elastic of plates [3, 4} and parameters (4)-
(7), essential criterion determining efficiency of
complex interactions is also parameter of roughness

Ks:

S
. Kgu,

KS' = " <5; 8)
KU,

K admis =—T <100, 9)

where K - height of roughness.

During flow around elastic plates, the "dynamic”
roughness caused by bend fluctuations of the whole
plate or by local fluctuations of the plate under action
of a pressure pulsation of a boundary layer [4] takes
place along with the “static" roughness. These
parameters are considered in [4] more in detail.
Parameter of "dynamic" roughness was also less then
allowable one in the present measurements.

The results of measurément of average speed profiles
on the rigid standard are well coordinated with results
of similar measurements [2, 5, 6, 8] and coincide with
the "1/7" degrees law: '



u V7
—={y/d 10
o =9 (10)
During a flow around elastic plates, the experimental
points place below reference curve, as though increase

the value 1/n in the sedate law of speeds distribution.
The profiles of speed constructed in linear scale in

u
form of U‘ =f(y/6) find out smooth bends at a
o
flow around elastic plates, "which is typical for
complex interactions of various disturbances in a
boundary layer.

The profiles of average speed are resulted in
logarithmic coordinates in Fig. 16, that enables to
study behavior of a liquid in direct affinity from a wall
in more detaiis. During a flow around the rigid
standard (the series a), experimental points are stacked
along curve 2 and 3 depending on speed of the basic
flow. The vertical lines designate disorder of
experimental points. The curves | and 2 characterize
the flow in attached to wall area and have an identical
inclination. Their distinction is caused by different
values of the Reynolds numbers and especially by a
turbulence degree of the basic flow in aerodynamic
pipes. The curve 3 corresponds to greater Reynolds
number and smaller thickness of viscous sublayer, and
also has other inclination in attached to wall area in
comparison with a curve 2.

Thus, profiies of speed in logarithmic coordinates
allow to determine thickness of viscous sublayer and
characteristic inclination of a profile in attached to
wall area. A role of this inclination and metrology
kind of the profile form are estimated in a series of
measurements b.

The curve 9 designates Blasius-profile received on the
hydrostand at a low degree of turbulence (the first
stage of transition) on rigid and clastic plates. The
profile remained rectilinear (curve 10) during heating
of elastic plate.

Increase of a turbulence degree resulted in change of
Blasius-profile {curve 5); the rectilinear dependence
was changed to parabolic one (II stage of transition).
With growth of speed and alternation of transition
stages the form of profiles remains parabolic but ever
more comes nearer to form characteristic for a
turbulent profile; curve 6 - IV stage of transition,
curve 7 - VI stage of transition. We shall note a good
conformity of the profile form (curve 4) to transitive
profiles [10]. At .last, the form of profile becomes
again rectilinear but with other inclination than at
curves 9, 10 in a turbulent boundary layer (curve 8) in
viscous sublayer.

It is possible to characterize property of the average
speed profile on elastic plates on the basis of these
data. For convenience of the analysis, the plates on
Fig. 16 are grouped as follows. The results of
measurements on an open sheet of a polyurethane
foam (¢) and pasted over outside by an elastic film (d),
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in series e, f, g, [ - on compliant, and in series j, k, [, m -
on elastic plates are listed in series ¢, d. In a series i,
the plate 10 a can be related simultaneously to elastic
and rough plates owing to its structure and properties.

Thickness of viscous sublayer is important
characteristic for a physical picture of a liquid flow in
a turbulent boundary layer and for closing of its
various half-empirical theories. There are few
techniques of this value determination. So, the
formula for calculation of viscous sublayer thickness
is offered in work of Niysing on the basis of viscous
sublayer analogy to a laminar boundary layer:

— VXgq v2

O =4.64— an

Uy

where Xo - extent of viscous sublayer up to an ejection
or its destruction, and uo - speed on external border of
viscous sublayer at the moment of its destruction.

A few ways of viscous sublayer thickness
determination are cited in [4, 8], the most simple of
which are two: on vertical coordinate of a longitudinal
pulsating speed maximum and on a conditional point
of crossing of the speed profiles laws in viscous
sublaver and area of the logarithmic law.

On the basis of the dimension theory Karmann
offéered a simple ratio for calculation of viscous
sublayer thickness :

- v

5, = ot . (12)
- e |

y

Factor o was made 11.6 on Nikuradze tests.
According to theoretical conclusions, the turbulent
movement along a rigid plate is characterized by two
empirical constants: ¥~0.41 and a~11.5, and the value
o is defined by the formula

Su
o=t (13)
\Y%
The value o can be determined also from a ratio
u=a-2.5In a+2.5lny, (14)

where u* and y* are chose from a point of the specified
speeds crossing.

Experimental data have recently collected, from which
follows that a=10+12.3, and X=0.39+0.41.

We shall calculate constant o for researched plates
according to the formula (13). The value &L was
counted by experimental data Fig. 16, on a point of
laws of a profiles in viscous sublayer and logarithmic
area crossing, and the value u, was determined by a
method of Klauser [4]. The results of calculations are
shown in tab. 2. The received dependence 5./8=f(Re™)
is completely coordinated with data of work [2, 7, 8].

Measurements on a rigid plate shown omia=11.55.
However, at smaller speed a>omid, and at greater one
o<omid. 1t occurs due to fact that the value u, grows
slower than 8. decreases with growth of U, In the
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majority of tests on elastic plates, increase of
parameter o at the expense of
thickness growth was fixed, as thus v, decreased.
Values 8./8 increased accordingly.

In series of tests e, f, g, as well as in series ¢, d (Fig. 16)
elastic plates were tested, the outside layer of which
was made from monolithic plates. At plates
investigated in these series the thickness of an outside
layer was increased so that the thickness of a plate in a
series f was in 1.5 and in a series g - in 2.5 times more
than in a series e. The influence of the mechanical
characteristics to efficiency of complex interactions
was studied on all these plates. According to criteria
of similarity, the efficiency of interaction depend on
Reynolds number: factor a indirectly testified to it and
depend on a place of measurement on a plate and
speed of a running flow. In a series ¢ the value o
increased at greater speed of a flow-around only in
sections III and I11a.

As a whole, the efficiency of compliant plates much
depend on the mechanical characteristics and
appreciably changed at their small deviations. For
elimination of this lack the compliant plate was made
so that it generated from below system of {ongitudinal
whirlwinds. The test of such plate (10a) shown
essential increase of 8L and «, and the form of a
profile in viscous sublayer become transitive
{parabolic). :

As .the elasticity of this plate increased, it can be
related to elastic plates, the analysis of which should
be made according to principles and criteria (4)-(7).
Determination of these criteria was made as follows

(tab. 3). The value WZ and frequency of gjections from

viscous sublayer fg for the standard are accepted the
same as in tests [7]. By using the formulas (6), (11), the
period of viscous sublayer updating is determined

from a ratio
= \2
T+ _(UTSL

(15)

4.64v
As in the formula (11), the value -5,_ is understood as
thickness of viscous sublayer including laminar and
buffer layers , it was determined from crossing curves
of a speed profile in a turbulent nucleus and in buffer
zone. The values § accordingly is more than in tab.

2, and it is more convenient to determine them from
profiles of speed, given in universal coordinates. The
calculation made for I section and the speed
‘U,=10.15 m/s on rigid plates determined T*=215, and
£+=4.65-10-3, that is well coordinated with known data.

_For compliant plates is taken from the tab. 3 7»; the

same as for the standard. Thus, ?\.; is underestimated
as follows from results of measurements of correlation

factors. The value f; is determined by results of
measurement of frequency of elastic plates own

viscous sublayer’

fluctuations, as fluctuations of a plates surface
influence strongly on ejections from viscous sublayer.

For elastic plates 73; was détermined on the basis of

their outside layer design, fg - on measurements of
dynamic properties of plates.

The compliant plates 1, la, 9 and 10a are
characterized by such values ‘fg , that according to a
hypothesis about preexplosive modulation [9] they
could effectively cooperate with a boundary layer at
the expense of regulation of ejections from viscous
sublayer frequency. However, this mechanism does
not work because of their large compliance,

conformity of large values fg in tab. 4 to small values
o in tab. 2 testifies about that.

The efficiency of such compliant materials elasticity of
which increased, can be increased at the expense of
increase of structural interaction. Really, the

increasing values o corresponds to 7\.‘;=20]+252 ata

plate 10a. K; also increased up to 200 at polymeric
solutions. The same tendency is fixed at large negative
gradients of pressure.

All elastic plates (see Fig. 16, series j, k, /, m) without
exception are characterized by increase of values o (up
to two times in comparison with the standard). Thus,

A%, was either the same as the standard had, or less in

1.5:2 times, and f - in 1.5+5 times more.

It is obvious that the efficiency of these plates is
caused by the mechanism of preexplosive modulation

(fg increased). However, the principle of structural
interaction plays an essential role. So, the maximum
increase of viscous sublayer thickness is fixed at a

plate 11, which A}, twice times less than the standard

have. But taking into account, that i, of vortical
system in viscous sublayer of the standard, also in
twice times less then Kline-stripes, there is the good
conformity A, of vortical system to distance between
longitudinal structures in an elastic material. From
here follows, that X, of an elastic plate structures have
to be either equaled to A. of longitudinal vortical
system in viscous sublayer, or to be twice more to
correspond to "peaks" or "valleys" of whirlwinds.

it. CONCLUSIONS.

Results of researches adduced before allow to make

the following conclusions concerning effects of a flow

interaction with elastic plates:

- Simplc membrane plates accelerate or slow down
the change of transition stages. increase or reduce
area of unstable frequencies of flat disturbances
and number Reis, depending on their structure and
mechanical characteristics;

- The elastic plates promote of longitudinal
whirlwinds system formation in a boundary layer;



Change of a current structure and character of
disturbing movement in a boundary layer is fixed
at a flow over of elastic plates. If the boundary
layer is considered as a ‘Wwaveguide, the
characteristics of a waveguide can be adjusted by
changing of property and structure of a streamline
surface. For example, it is possible to organize
longitudinal vortical systems in a boundary layer
with the help of elastomers the properties of which
vary periodically in a given direction.
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Range of working speeds at test of elastic plates

Table 1.
Number I section 1] section III section )
of plate U, u, usU,, u., u, u/U,, U.. u. u/U..
m/s m/s 102 m/s m/s 102 m/s m/s 102
The 10.15 0.46 4.5 9.62 0.488 5.1 10.0 0.475 4.75
standard | 1598 | 0.744 4.66 16.99 0.778 4.6 17.06 0.774 4.53
5 9.88 0.488 4.94 - - 10.07 0.44 4.4
17.04 | 0.758 4.4 - - 16.94 0.746 4.4
11a 10.13 | 0.425 4.2 - - 9.9 0.439 4.4
17.67 | 0.758 4.3 - - 17.43 0.701 4.02
11 - - - - 9.9 0.414 4.8
- - - - 16.37 0.558 3.4
8a - - - - 9.94 0.418 4.2
- - - - 15.54 0.652 4.2
3 - - - - 9.93 0.398 4.0
- - - - 15.64 0.734 4.7
! 9.92 0.418 4.2 10.27 0.377 3.67 10.09 0.447 4.4
15.53 | 0.595 3.83 15.69 0.562 3.58 15.86 0.549 3.5
la 9.36 0.414 4.4 9.904 0.394 3.94 9.36 0.373 3.99
15.69 | 0.578 3.7 15.69 0.545 3.5 17.01 0.68 3.99
9 9.49 0.371 3.9 - - - 9.77 0.412 4.2
16.12 | 0.691 4.3 - - - 15.92 0.628 3.9
2a - - - - - - 9.58 0.451 4.7
- - - - - - 16.17 0.562 3.48
10a - - - - - - 10.07 0.42 4.17
- - - - - - 15.81 0.75 4.74




The thickness of viscous sublayer determined on Fig. 7.

Table 2.
Number u,d,
Number of and Number of U, 1048, 1028, 10%60/8, | = -
plate designa- section m/s m m v
tions of
curve
The 2 I 0.46 38 2.51 1.51 11.73
standard 3 I 0.744 2.0 2.21 0.9 9.99
series a 2 11 (3.438 4.1 2.78 1.47 13.4
3 11 0.778 2.2 2.63 0.84 11.5
2" 111 0.475 3.7 2.93 1.33 11.8
3" 111 0.774 2:1 2.75 0.76 10.9
s, 11 I 0.488 4.7 332 1.42 15.39
series ¢ 12 I 0.758 2.6 34 0.76 13.23
i3 I 0.44 4.0 4.1 0.98 11.8
14 111 0.746 3.7 3.6 1.03 i8.5
2a, 15 111 0.451 6.7 3N 1.8 20.3
series d 16 111 (.562 2.8 3.76 0.75 11.24
9, 17 1 0.371 42 2.31 1.82 10.46
series e 18 I 0.691 2.1 2.18 1.01 9.74
19 I 0.412 4.4 2.73 1.61 12.17
20 1 0.628 3.4 2.67 1.27 14.33
21 I]a 0.594 2.3 2.94 0.78 9.2
22 111 0.562 3.5 3.0 1.17 13.2
la, 23 1 0.414 3.9 2.57 1.51 10.84
series f 24 1 0.578 23 275 0.83 8.9
25 I 0.39 3.1 2.74 1.12 8.1
26 11 0.545 34 2.64 1.3 12.4
27 111 0.373 3.7 2.93 1.2 9.26
28 111 0.68 3.7 2.96 _1.24 16.9
1, 29 1 0.418 4.5 2.7 1.67 12.6
series g 30 I 0.595 4.0 2.73 1.5 15.97
31 11 0.377 43 2.96 1.45 10.88
32 11 0.562 4.0 2.93 1.37 15.1
33 41 0.447 4.7 3.42 1.37 14.1
34 111 0.549 1.64 3.28 0.5 6.04
10a, 35 111 0.42 2.0 3.83 0.52 5.64
series i 36 111 0.75 4.2 2.66 1.6 21.14
1la, 37 I 0.425 4.4 2.49 1.76 12.6
series j 38 1 0.758 3.6 2.51 1.4 18.3
39 111 0.439 3.7 2.89 1.28 10.9
40 111 0.701 39 2.82 1.38 18.35
41 Ila 0.672 32 2.92 1.1 14.4
42 111 0.635 3.0 2.825 1.06 i2.8
11, 43 I 0.414 6.3 2.9 2.17 17.5
series k 44 111 0.558 4.6 2.82 1.63 17.23
8a, 45 111 0.418 4.6 2.93 1.6 12.9
series / 46 111 0.652 3.8 2.82 1.35 16.6
3, 47 111 0.398 5.1 2.95 1.73 13.62
series m 48 111 0.734 3.1 2.87 1.08 15.3

9-11
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\ \
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Figure 1 The sketch of the hydrodynamic channel test section with devices

1 = the fterst section; 2 - vortex generators; 3,4 - tellurium
wire wilh a holder, S5 — anode (visualization system), 6,7 -
photuregistration system, 8-11 - mOving truck witkh devices,

12-19 - system of laser anemometry.
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Figure 4. The scheme of flow structure at initial stages of non-linear
deformation of plane wave at large



9-17

A ‘SOINVHIIWOUAAH 10 31NLILSNI

S9AIND Ysep - pue - j0p) £499 = 43y
1R ssauydI[) Iake] Arepunoq oy} JNOYINOIAN)
(9)n/*D pue *go sonfes Jo uOHNGUISL(] "9 FL

F— .%_.m _ d . ,WAIMQﬁHmEiQ
_ _
/ |
|/ _
\g\\ 1., L
/SRS
06% .QQ /[//
| o NN
s/ | N , N
== Ml 9 )
Nhﬁv \_ .h mmo\wﬂ.ﬂﬁmm
i \ T
\\“\ ! \ \ A
_
lif:ﬁl& 0 ﬁlmw.ml]
iy N\
\. ; _ 2117 F | A
_] -
m%.\ww% \ __ BrE 961~ 01\

3,

9]

7]

"SSoUDIY) jIofr] Arepunoy

o4} uouour JFurpxa oy jo (q) Aydipa eseyd
pue (e) uornqUISIp IdqUNU dAemM uodn apnqryd
-Ure UO[}e[[[080 UOqqLI UOIJe[[[I280 Jo jooys] G Sty

NY
5

5D

S=5
|
|
|




9-18

AFI 'SOINVHIIWOUAAH 40 FLNLILSNI

(q)*1ey < ay 1
pue () “y resu sseuyply) 1ode| Lrepunoq ay} YInoiy}
n/4) A}O0[eA SSO[UOISUSWIIP JO UOIMGLIISI(]

L8
uofjowr Jurqinisip jo Aouanbaiy — 7 m_m _Vw/_?_a ¢t st
uo fjwojea aseyd jo souspuada(] g "I M/f%/h/ “
NS ok
Ty < u (1 + (V'u/u)Bofg 1 =n/*
Ty > u

NQ —llufu) =nf*




9-19

AAI 'SOINVHDIAWOUAAH 40 3LNLILSNI

* /M pUd A WIOIJ JUSWIAINSEIUW e § IOYINE - o DAIND [RIINSU JO SI[OURIY
- 11 1 ‘Sugpyyeg 03 Suipiooe - g (Aj0ojea aseyd 1o} ueyg pue Adusnboyy ssojuolsusw
-Ip JOj UBKW[[O], 0} FUIPIOdDE - | :SUOYOIPaId :WOIjoW FUIQIMISIP JO £>uanbaij wo (q)
Ay100peA aseyd pue (B) Isquunu sAem 10} 90ULPUAda(] SOAIMD Terjnou Appjewly[) 6 18
20+ Mn/ageor - Lo = "up /o

_mu.ﬁsb\h.__ﬁac.ﬁ BT = 90

'20UuRQIMISIP JO IdjoeIeyd

[eplosnuis-uou je - 3 {yuarpeld omssaid asreApe ju - p

‘oprs oY} UIOIJ PUe dA0QE WIOY) FUjoOys SNOIUTFMUILS

-0 Ysu00 = U YR - q {JSU0D = T ¢ - ® 9yed Suoje

JuourdojoASp UOIOWI SUIQINISIP JO SUWLYIS 8Y AR REIR
oup sonKouko

\ S

s ==

—

QWIONIOV BDHI/DWHOENTD ]

2

X~z o Iz <=

N
01 ==
il

‘eT’o+

00§

0

008

F

20

—

)
/ o
< \ Ws 01 =N

o

€

- {90




9-20

Fig1l. The physical model of the disturbances type successive transformation during the tran-
sition te turbulence: a — amplification of plane disturbances; b — phase modulation of the
wave, three-dimensional effects appearance; ¢ — amplitude modulation of the wave, “peaks”
and "valleys” forming; formation of longitudinal rows of A — shaped vortizes; d — organiza-
tion of the longitudinal vorteces system; e — vorteces form and intensity changes in space and
time; transition to a zigzag trajectory of the vorteces movement; breakdown of peripherical
parts of the meandering vortices. Active formation of turbulent spots, their growth, amalga-
mation and turbulent boundary layer development.



Fig.12. Curvilinear bottom (a), lid (b) and the schemeof their disposal in
working section of the hydrostand (c).
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Fig 6. Distribution of longitudinal averaging speed on thickness of a boundary layer on
the standard (a), rigid (b) and elastic plates 5 (c), 2a (d), 9 (e.), 1a (£.). 1 (g).
10a (13), 11a (), 11 (x), Ba (L), 3 (n):
1.4 - data from work [ §] for turbulent and transitive boundary layers
accordingly;
2, 3 - measurement at small and large speeds of a flow accordingly;

5, 8 - measurement on the hydrostand at various stages of transition at U
equal to 0.1; 0.18; 0.27 and 0.6 m/s - .., and £>0.1% accordingly;

9 - the same at Us=0,08+0.15 m/s and at £<0.05% on rigid and elastic plates:

1G - as well as 9, but at a heating of a membrane surface {13]. The other
designations are given in tab. 3.
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MODELING OF TURBULENT NEAR-WALL SHEAR FLOWS PROPERTIES

V.T. Movchan,
E.A. Shkvar
Department of Higher Mathematics,
Kiev International University of Civil Aviation,
Cosmonaut Komarov ave. 1, Kiev, 252058, Ukraire,
fax: (044) 488-30-27

SUMMARY

The given paper deals with mathematical and
numerical modeling of shear flows in the vicinity of
boundary layer. The half-empirical algebraic
models of turbulent viscosity and turbulent
conductivity coefficients for predictions of two- and
three-dimensional gradient lows on smooth and
rough surfaces are proposed. These models of
turbulent exchange coefficients can be effectively
applied both for approximate-analytical and
numerical solutions of flows characteristics on fixed
or moving surfaces. The results of approximate -
analytical and numerical predictions of different
kinds of boundary layers are presented.

LIST OF SYMBOLS

empirical coefficients in Eq.(9).

constant of logarithmic law for shear flow

over rough surface, dimensionless

gkin friction coefficient, dimensionless

specific heat at constant pressure, J/kg K

constant of logarithmic law for shear flow

over smooth gurface, dimensionless

integral characteristic of velocity profile, m

shape factor,dimensionless

model coeflicient, dimensionless

mixing length, m

anisotropy coefficient, dimensionless

pressure, kg/m s ?

Prandtl number, dimensionless

heat stream density, J/m % s

momentum - deflect thickness Reynolds

number, dimensionless

Reynolds number of liquid film,

dimensionless

T  temperature, K

% velocity, m/s

Upe velocity of motior of liguid - gas phase
separation boundary, m/s

U, {free stream velocity, m/s

U,... maximum valae velocity of near-wall jet
velocity profile, m/s

Upnin minimum value velocity of near-wall jet
velocity profile, m/s

v,  shear velocity, m/s

o axig of ortogonal coordinate system, m

Q00 we
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Greek symbols

B»  surface cross flow angle
Br, wall shear-stress angle
¥ intermittency function, dimensionless

) shear flow thickness, m

&*  displacement thickness, m

§** momentum - deflect thickness, m

A Rotta-Clauser parameter, dimensionless

AT shift of logarithmic part of the temperature
profile, K ‘

Au  shift of logarithmic part of the velocity
profile, m/s

Az, roughness influence function, m

A heat conductivity coefficient, W/m K

u  absolute coefficient of viscosity, kg m/s

v  kinematic coefficient of viscosity, m?/s

¢  density, kg/m?

7  shear stresses, kg/m 8?

7  non-dimensional shear stresses

x  model coefficient, dimensionless

x1 model coefficient, dimensionless

x2 model coeflicient, dimensionless

@  Fedyaevsky parameter, dimensionless

Subscripts

parameter in joint point

parameter for liquid

parameter for heat transfer processes
direction of secondary flow

summary velocity

direction of main flow

turbulent

wall

summary parameter

ME et s >N

1 INTRODUCTION

Nowadays there is a good choice to use the most
simple and calculatively effective algebraic models
of turbulent exchange coefficients in the process of
prediction of turbulent boundary layer properties.
Meanwhile, modeling on algebraic level can meet
some problems to be overcome. They are: pressure
gradient, low Reynolds numbers, peculiarities of
flow development influences and difficulty of
turbulence structure description. The aim of the
present paper is to discribe a new approach for
modeling of turbulent viscosity and turbulent
conductivity coefficients, which has been proposed
and worked out by authors.

2 TURBULENT VISCOSITY
MODEL (TVM)

TVM for turbulent boundary layer
The given method of simulation is based on the fact
that coefficients of turbulent exchange are presented

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
held inAKiev, Ukraine, 1-3 September 1997, and published in R-827.
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by means of one continuous dependence along the
shearing layer thickness. This allows to take into
account the effects of nonlinear interaction, to avoid
the problem of joining, to create some advantages
during elaboration of the design method. In case of
three-dimensional turbulent flow the modification of
Rotta’ approach has been worked out. According to
this the turbulent viscosity coefficient for boundary
layer applications can be presented as follows

u? + Nu;3

<) (m)as =l

u? + Nu?
() = w( _3_"'2_“_&);

T

U U3
12 H uz—u.l +'Ua3, (1)

(vehis = (n)s1 = (1 = N)
where (u)i;; (8,7 =1,3) - components of
turbulent viscosity tensor; vy — scalar turbulent
viscosity; N == v4q /4, - non-isothropy coefficient;
s,n — directions of main and secondary flows
respectively; up — velocity projections.on ortogonal
coordinates directions zi,(k=1,2,3) where z,
and =3 being in the plane, tangentional to
streamlined surface and =z, axis is normal to this
plane. Scalar turbulent viscosity is expressed by the
continuous equation for the shearing layer thickness

M 7. +‘U. 72 1/4
1 lxuhg ) , (2)

where x - Clauser coefficient; U, - free stream
velocity; D - integral characteristic of
three-dimensional velocity profile; us = \/Tife —
shear velocity; 7 =t 7 /7wt - Don-dimensional
shear stresses in the wall vicinity; ¢ - density; I —
mixing length; y =+/1T =7 - the function with
effect of non-continuous turbulence (intermittency
fanction); n = 23/§ - non-dimensional lateral
coordinate; 6§ — shear layer thickness. To calculate
the above mentioned parameter D two approaches
have been used, one elaborated by Cebeci and other
- by Mellor, Herring. According to these

vy = xUp Dy tanh G

&
D = f(1 - 2o
]

s 2
T2 81&1 81&3
D3 = /Uh\/(bzg) + (0::; ) dzz.  (3)
Calculation of 72 have been done using the
expressions:

- {l + D,
1/(1 - q)kﬂ)’

where P =§ /.1'.,, 5‘% - parameter of Fedyaevsky;

g’;‘; ~ pressure gradient along the axis zy.
Mixing length is expressed by

i ®e 20
if &, <0,

sinh?[y; 3] tanb{sinh?*[x2z3,1}
k23, (v, 7 + v373)1/4 fvez

x = 0.0168 — 0.0215 x1 =
X2 = 0.023 ~ model coefiicients;

{ = kx3. tanh

v (4)

where k= 0.4,
0.068 — 0.072,

vor = (v, + v25)* - total shear velocity;

32. =27+ Az, .'b‘;- .z'zv.g/nu, Azy -
ghness dynamical infiluence functxon,

AzT = Azyv.s/v. The better way is to determine

model coefﬁc;ents with using the dependences

)k y Xl y X2 4 H
M BB K S, )

result of numerical experiment. They are
X2 = xao(1 +30,18p%);
x1 = xwx1r(1 +15, 09p%rira);
k=0,4+0,182 (1 +p+) (1 - 7038} if pt > -1
if pt < —1;

k=0,4+58, 51— (1 - e028),

X = Xz {0,0095+ 1/ [m4,6+(2,4+ 5}
rp=1-—0,5e"%147 £ 0 5703898, 4,5 =0,072

X20 = 0,228; ry= 1 —e~T615282% 18 L o—361,01p% /5,
xir =1+0,01 [1 - e“‘/(‘+z’)] . Z=R".10"5

Upé** v 8p 6 9p

. _ ) + LA

B = y P o3 8z’ Tox 02’

Xn = 1,55/ [1 40,55 (1 - e~oAvE-omeiz )|
E.
Z, = oo 1,

The mentioned above roughness dynamical
influence function is determined by the following
equations
arctanh(x: Aut i BT <A
Az;- = { (Xl U )/XI’ (5)

htexp(—kB(ht)), if At > h"’

A4+ = Lo k* = B(h*) + Comi

k= z3; exp (kB(R})),
where Aut - shift of logarithmic part of the
velocity profile in half-logarithmic coordinates
relative to its position in case of smooth surface; A
~ roughness height; At = hv,p/v ; B - comstant
in Nicuradze equation for velocity profile at rough
surface; Cypn — logarithmic law constant for smooth
surface; z3; - the joining point coordinate of buffer
and logarithmic zones, The value of z; is defined
as the level of smoothness of velocity profile in the
joining point

+ _ cosh®(zf + Az})

t =
! kyf1 4 ptad;

where pt = (1] (gvex)) -3% - pressure gradient
parameter; v - kinematic viscosity. When the
streamlined surface is smooth

Az} =0, k=04, x=0.072 and zf, ,,. =~ 26.

Modification TVM for near-wall jet -
In the case of near-wall jet characteristics
prediction the model of turbulent viscosity [1-6] is

- Az}, (6)



used in the frame of near-wall flow (0 € v < Upyz)
as is, but with following two differences. 1)
Intermittency is absent, that is why intermittency
function is determined as v = 1. 2) Free-stream
velocity U}, in [2] is replaced onto maximum
velocity significance Unez.

In the jet region (Upmqz < % < Upiyn) the well-known
traditional Clauser’ approach has been used

Vg = Xj6j(Um.u - Umiu)’Y,

where x; = 0.011, — empirical coefficient; §; -
thickness of the jet region;

In the wake region (Unin < # < U,) the mentioned
above spproach has been used too

Vt = Xw 6w(Uh = Unin )‘7’

where x,, = 0.011, — empirical coefficient; 6; ~
thickness of the wake region;

Modification TVM for two-phase shear layer
with phase separation boundary

In this case shear flow may be presented as two
Iayers, one of which (ie gas boundary layer) is
located over thin Liquid film, which is spread
immediately at the streamlined surface. It is
obviously, that the gas-liquid boundary is
moveable. In connection with this circumstances
the TVM for gas flow can be used in the same form
as {1-6] equations, but with following modification
of velocity scale in wake region of gas shear flow.
Free-stream velocity Uy in {2] is replaced onto value
(Un — ULe), where U - velocity of motion of
liquid-gas separation boundary.

TURBULENT HEAT
CONDUCTIVITY MODEL

Turbulent heat conductivity is expressed by the
continuous equation for the shear layer thickness

3 (U-xTx + v‘872)1/4
xrUnD i

M

sinh?(x1a f(Pr)zs., Jves ®
knPrzd,, (v, 72 + i, 7)1/’
where A - molecular heat conductivity coeflicient;
xn = 0.0217, &, = 0.44, x1n = 0.0743 - model
coefficients; Pr - molecular Prandtl number;
ZToeh = T2 + Azos ; Azay — roughness influence
function on heat transfer processes; f(Pr) -
empirical function of Prandtl number, which can be
presented as follows

At = APrXrAvep Dy tanh

Iy = kpZoen tanh

6
F(Pr)=Y ailg™ Pr, (9)
i=1
where @y =1, a;=1.124, az=-0.363, ag=
0.538, as=~0.136, ae =0.0344. The

roughness influence function for heat conductivity
is determined by the following equations
A‘:c"' _ a:cta.nh(x{hAT“'/Pr)/x{h, Tt < I;";
2h exp (kr(AT+ = Cim)), H T+ > T}
(10)
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T+ 32]” +Ch sy

2

where x{, = xlhf(Pr) ; AT+ - shift of
logarithmic part of the temperature profile in
half-logarithmic coordinates relative to its position
in case of smooth surface; Ch ym — constant of
logarithmic law for temperature distribution over
smooth surface; Tapj ,m — the coordinate of
joining point of buffer and logarithmic zones for
temperature profile. The value of Z33j,m i8
defined as the level of smoothness of temperature
profile in the j Jom.mg point in connection with
following expression

20, .+
xg.hj = cosh (Xl-"’zhj nm) . (11)
kh\/l +p+:c'*2;u~ om

In case when secorndary flow is absent the models
Eq.(1 - 11) are transformed into the
two-dimensional versions which has well proved
itself. The application of these two-dimensional
models for different types of boundary layers allows
to set the relation between model coefficients and
the parameters of the flow itself. These models can
be also applied for the description of turbulent
viscosity in the wall regior of wall jets and also in
case of two-phase flows with phase separation
{fiuid-air).

4 APPROXTMATE-ANALYTICAL
SOLUTIONS

The next advantage of this approach of simulation
is the elaboration of approximate-analytical
solution for stress friction distribution across the
boundary layer and profiles of velocity and
temperature. These distributions correspond well
with the law of simularity applied to wall lows. For
example, in case of two-dimensional flow on smooth
surface under the infiuence of adverse pressure
gradient the shear stress distribution in cross
section of the boundary layer is well approximated
by means of the equation

\/_ )

(12)
where A = UpD/v.r - Rotta-Clauser length
parameter.

Equations (2-4, 12) aliow to find the following
velocity profile in buffer and viscous zones:

T = Tu(1-7) (

ut = L."'th(x z¥) - )—C-ln[cosh(xﬁ 2 s
1

X1
(13)
ut = 2,
Vs
By using Fourier equation with expressions
Eq.(7,8), we are found the temperature distribution
in mentioned above zones as

T-T,
T === (19

Pr
T+ = —~ tanh(x{;23),
Xin
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where ¢u/(6Cpve); ¢w - heat stream density;
Cp, - specific heat at constant pressure; T, -
temperature of wall. The expressions for velocity
and temperature distributions in logarithmic zone
of turbulent boundary layer may be presented as
follows:

1|yt +ptzt -1 1
==l +2\/1 +pted| +Com
Bl Jreptat 41 J

(15)
1 .
= k—h-lnzg + Ch sm.- (16)

In case, when pressure gradient is zero, these
constants may be determined with using following
expressions

1 . 1
Com = o tanh(x123; ,n) — ;lnz'z’; o

1 1
Cham = - ta.nh(x{hz:hj om) = k—ln z;',u. o’
Xip h
The same approaches have been used to get
expressions for distributions in outer regions, under
favourable pressure gradient, with or without
suction or injection through the streamlined surface
and in case when the surface is rough. The
calculated results are compared with experimental
data and we can get the relationship of models
coefficients versus pressure gradient and low
Reynolds parameters and etc. The results of
comparison between velocity profiles, which were
obtained by expressions for rough surface (line),
and experimental data of M.D. Millionschikov [1]
for pipes with different technical roughness of
surface (circles) are shown on Fig. 1. Figure 2is
presented the correlation of temperature
distributions Eq.(14, 16) (line) and experimental
data of N.M. Galin and P.L. Kirillov [2] for
boundary layers on smooth surface with different
velues of Prandtl’ number (circles).

58 __NUMERICAL PREDICTIONS AND
THE RESULTS OF THEIR. COMPARISON

WITH EXPFRIMENTAL DATA

To evaluate the characteristics and the fields of
application of the given turbulent viscosity model
we have used it in some numerical methods of
turbulent boundary layers predictions. They are:
differential-difference (direct line method) according
to which the boundary layer equations are
transformed into a system of ordinary differential
equations; two versions of grid method which are
based on finite-difference patterns of
Crank-Nicolson and Pasconov, Polezhaev, Chudov
[3]. Besides, the applications of the model in the
frame of integral method has been also analysed. It
has been stated that the most applicable method
from the point of view of necessary accuracy and
high effectiveness of separated turbulent boundary
layer computation is the grid method based on the
pattern suggested by Paskonov, Polezhaev, Chudov.
The given pattern ensures noniterational algorythm
for solution on each step along the evolutionary

coordinate and effectively stabilizes disturbances of
computation. The results presented in the paper
have been obtained with the help of this version of
the grid method. It should be noted that the
divergency of computations when other methods
have been used is in the limits of data scattering
and is practically the same. But the computations
with the help of integral method ensure satisfactory
correlation with experimental data only in case of
small pressure gradients and did not allow to the
{forecast the separation process.

Figures 3-5 present the results of comparison of the
given computation (continuous line) with
experimental data (circles) and also with
predictions given by the different authors
(interrupted lines). All the results refer to
separated flows under influence adverse pressure
gradient: 1)Moses experiment (id.3800) on
two-dimensional boundary layer with smooth
surface [4] (Fig. 3); 2) Scottorn-Power experiment
on two-dimensional boundary layer with rough
surface [5] (Fig. 4); 3) Van-Den-Berg and Elsenaar
experiment on infinite swept wing [6] (Fig. 5).

Figure 6 demonstrates the application of presented
here approaches for calculation the two-phase flows
with phase separation boundary (liquid-gas). In
this case laminar liquid film covered the streamlined
surface and spread under influence of shear stresses,
which are generated in turbulent boundary layer of
gas over the liquid film. The phase separation
boundary is considered as wavy and moveable.
According to this the model of turbulent viscosity
has been modify on case of moveable rough surface
influence. The height of liqguid Ay and velocity of
motion of phase separation boundary Uz are
calculated by the following equiation

hL=1/-2—QiV£;
Tw

where QL = grhrLULev; #=V@ ULay = ULo/2
- aversge velocity across the liquid film; index "L"
means liquid phase of flow. The results of liquid
height prediction for described above flows with
different values of Reynolds number of film are
shown on Fig. 6, Fig.7 where continuous line -
predictions by using integral method {7], dashed
lines - predictions by using numerical method [8]
circles - experimental data of S.V. Ryshkov, V.V.
Yershov, V.N. Miroshnichenko [9] (on Fig. 6) and
O.A. Povarov, G.A. Phillipov, E.A. Vasylchenko
[10] (on Fig. 7). Figure 8 reflects the comparison
between numerical predictions of near-wall jets
velocity distributions and experimental data of
Kacker and Whitelaw [15].

' The results presented here and the matherials given

by the authors allow to come to a conclusion that
the use of the developed approaches to the modeling
of turbulent exchange coefficients while elaboration
of numerical methods ensures the high reliability of
flow development and separation process forecast.
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Fig. 1 Comparison of approximate-analytical
prediction (line) of velocity profile on rough surface
(line) and experimental data of M.D.Millionschikov
[1] for pipes with different technical roughness
(circles). .

+

T

T blPy)

Fig. 2. Comparison of temperature distributions
(line) and experimental data of N.M. Galin and P.L.
Kirillov [2] for boundary layers on smooth surface
with different values of Prandtl number (circles).
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25

{5

0.5}

Fig. 3. Comparison of computation (continuous
line) and Moses’ experimental data {(id. 3800) [4]
(circles), where Cj = 27, /(pU?) - skin friction
coefficient; H = §*/6** - shape factor; 6°,8** -

displacement and momentum-deflect thicknesses -0.5 . .
respectively; Re** — momentum-deflect thickness 0.5 09 {3
Reynolds number; iy = Uy /%o -nondimensional X % Xgph
velocity. Dash line ~ predictions of K.K. - Sn. Q¢ * {05 "

Fedyaevsky, A.S. Gynevsky, A.V. Kolesnikov {11]. 2 =S L

nf ' 7
Csxm"g*.su'“ U.R/u.,.
R

20

109

40%

Q7

05 09 4.5 xbn
‘sb‘f-w , Ibwo ‘

Fig. 4. Comparison of computation (continuous
line) and Scottorn - Power’ experimental data on
two-dimensional boundary layer with rough surface
[5] (©,0, A). Nomenclature is the same as in Fig.

3., except dash lines ~ predictions of different : 0.5 0.9 {3 XM
researches: — - — T. Cebedi, K.C. Chang [5; -~ - Fig. 5. Comparison of computation (continuous
G.F. Sivykh [12}; — = — F.A. Dvorak [13]. line) and B. van den Berg experimental data on

infinite swept wing (35 °) [6] (circles), where

Cy = 27,x/(oUZ) - total skin friction coefficient;
Cts, = 27, /(¢UR) - skin friction coefficient
projection on z; axis, which normal to the leading
edge; 67,6% -—displacement thickness in main and
secondary flows directions respectively. F, -
surface cross-flow angle; §,, — wall shear-stress
angle. Dash lines — predictions of different authors:
— — — Redven and Lekydis; ~ - —, — . .— Custey;
— +++ — Swafford and Yitfild; —-...— T, Cebeci.
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Fig. 6. Comparison of liquid film thickness Ap
computation (lines) and S.V. Ryshkov, V.V.
Yershov, V.N. Miroshnichenko experimental data
[9] (circles), where Rer =198 , Rey — Reynolds
number of liquid film ; upg =20 m/s, upg —-
velocity of gas flow; dash line - numerical method
of calculations [8]; continuous line — integral
method of predictions [7].
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Fig. 7. Comparison of liquid film thickness Ap
computation (lines) and O.A., Povarov, G.A.,
Phillipov, E.A., Vasylchenko experimental data [10]
(circles), where: 1 ~ Rer =100 ; 2~ Rer =200 ;
3 - Rer =400 ; dash line - numerical method of
calculations [8]; continuous line — integral method
of predictions {7].

Fig. 8. Comparison of predicted velocity
distribution u = u(z,y) (lines) with S.C., Kacker
and J.H., Whitelaw [15] experimental data. (circles):
a- Uh/UcGQ = 0-75; b - Uh/UCav = 1.33-
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Abstract

Local approach that can be applied for investigation of near-wall flows, jets, and
wakes is discussed. The approach is developed on the basis of examining the flow
near a flat plate. Coupled equations, which describe both slow and fast changing
of flow in longitudinal coordinate, are utilized. Possible ways of excitation of slow
disturbances are studied. Direct numerical simulation (DNS) of near-wall flow is
carried out. Phase speeds of propagation of 2D-disturbances are calculated.

1. Introduction

There is a wide class of laminar flows that can be described with Prandtl equations {16).
These flows are boundary layers near bodies with small curvature of surface, non-gradient
boundary layers, jets, and wakes. Instability of such flows leads to transitional and turbu-
lent phenomena that have farely simple quasi-regular space structure. Transitional flows
usually have coherent structure, and turbulent flows often can have quasi-homogeneous
structure (see, for instance, [1, 10]). Quasi-regular flows develop in space and time in such
a way that the scale of a typical longitudinal flow structure is significantly smaller then
the scale of flow. It is the the reason for adoption of the local approach for investigation of
non-linear transitional and fully developed turbulent flows of this type.

A number of laminar flows is described with this approach on the basis of investigations
of Prandtl problems [16], and the linear theory of hydrodynamic stability for quasi-parallel
flows is also founded on the principle of locality. This principle can be described in the
following way.

Let X, be the non-dimensional longitudinal coordinate, counted from some point of a
body, and Re be the local Reynolds number, i.e. Reynolds number defined on the basis of
the distance from the point of a body to any other point in longitudinal direction. Then
the local in X, particular solution, which has been obtained in the vicinity of Xo = 1 when
Re = Re;, can be continued in coordinate X, by way of recalculation of the solution when
Xo = 1 and Re = Re,, where Re, corresponds to the choice of another distance.

The validity of the approach is based on continued dependence of a solution on both
longitudinal coordinate and local Reynolds number. The peculiarity of the principle is the
absence of inflow boundary conditions for laminar problems and both inflow and outflow
boundary conditions for the linear theory of hydrodymamic stability. So, the solutions
of, respectively, Prandtl problems and the linear problems for disturbed Navier-Stokes
equations are the particular solutions of differential equations in partial derivatives.

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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For investigation of a number of laminar self-similar flows, this principle usually was
utilized in an implicit way [16]. In an explicit way, it was applied for examining of coaxial
laminar flow over a semi-infinite cylinder in [2]. For investigation of transitional and tur-
bulent quasi-regular flows, the approach leads to the necessity to choose both the model
of flow and the mathematical form of the solution that corresponds to the real physical
phenomenon. :

Various models are suggested for simulation of near-wall flows now. We reffer here to
the paper [9], where analysis of existing approaches has been done up to 1994. A new
methodology is developed in [12, 13] to provide a successful numerical simulation for the
whole process of flow transition in 3D boundary layers. This methodolgy is based on the
full Navier-Stokes equations that are solved in the domain with big longitudinal scale. The
model boundary conditions are stated at the inflow boundary, and buffer zone is added
in outflow domain. A new model also was announced in [4] and described in (8], where
transitional flow near a flat plate was examined. This Model of interaction of Slow and
Fast disturbances (SFM) is valid for incompressible and compressible 3D quasi-regular
flows; it was obtained in a heuristic way, but there is also some regular way of the equation
yielding. Here we briefly discuss the SFM and following [5] study in more details the choice
of mathematical form of a particular solution.

;From a practical point of view, 2D flows are not of partlcular interest, but the main
difficulties of modelling are concentrated exactly in 2D problem because of the weak non-
homogeneity of quasi-regular flows in longitudinal direction. So we examine here only 2D
flow near a flat plate and describe some new numerical results concerning phase speeds of
propagation of disturbaces.

2. The Way of Constructing the Model
and the Choice of the Form of Solution

One can suppose that the slow and fast disturbances in longitudinal coordinate are
possible in quasi-regular flows [4, 7, 8). To describe possible process of excitation of distur-
bances, we consider here the 2D flow over a flat plate.

Let Xy,y,T and z,y,t be nondimensional coordinates and time. They are connected in
the following way (see (8] ):

Xo=1+X, X=XMx, T=AX, I=«*/Re, &=17T2078766,

where Reynolds number Re is chosen on the basis of the thickness of the boundary layer.
We suppose that there is a characteristic size [ of a typical flow structure, which can be
measured with the boundary layer thickness, so we study the flow in the domain

D={-ls/2<z <12, 0<y<oo).

Let u,v,p be the non-dimensional components of velocity vector and the pressure. We
define the solution

F = {u,v,p}(Xo,%,T)

of the problem under consideration in the following way

F=F +F +F, (1)
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where
F¥ = (", o7, p"H(Xo,y), F° = {u5,0°,0°}(Xo,y,t), F/ ={u/,v//)p' }z,u,1).

Here FF,F°, F/ are the components describing, respectively, the solution of Prandtl prob-
lem, slow, and fast disturbances.
We introduce the z-average in D

and suppose that _
F =o0. (®@

Fulfilment of the condition (2) puts the restriction on the longitudinal size of flow structure
that can be investigated on the basits of SFM. Really, it follows from (1) and (2) that

F =F 4+ F/ 4+ O(l;/Re).

So, the value of (/5/Re)? must be small.

This local approack leads to coupled equations that are the reduced Navier-Stokes
equations [4, 7]. Slow component of flow is controlled by the disturbed Prandtl equations
that have an additional term of “mass force”. The term is the result of interaction of fast
disturbances. Fast component of flow is described by disturbed Navier-Stokes equations
that contain slow variables.

.For the precise mathematical statement of the problem, the equations need to add
the inflow boundary condition for both slow and fast components of flow and the outflow
boundary conditions for fast component of flow. These boundary conditions are unknown
“in the middle” of the flow, and the interval of changing of slow longitudinal variable is short
due to restriction on longitudinal size of examining flow domain. So the model boundary
conditions can introduce considerable error in a solution, and the way of obtaining of
particular solutions seems to be more preferable. '

The terms of the order of /;/Re can be removed in the equations for fast disturbances,
and we can suppose that this component of flow is periodic in z in the transitional area.

The choice of the form of the paticular solution for the slow component of the flow
is more difficult. One can suppose that two types of slow disturbances are possible in
quasi-regular flows [5], so that

F° =FY 4+ F?, .
FU = {uU’ vU’pU}(XO) Y, t)’ FD = {uD7'UD, pD}(XOa Y, t)‘

The first type of slow disturbances, FU, is generated by non-stationary structures that
change fast in longitudinal coordinate. Interaction of such structures excites slow distur-
bances that do not decay down the flow. So interaction of fast disturbances is the permanent
source of the excitation of disturbances of quasi-parallel component of the flow.

The second type of slow disturbances, F?, is connected with peculiarities of the up-
stream near-wall flow. These disturbances decay in longitudinal coordinate [11]. They are
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generated at the inflow part of the boundary of the investigated flow domain by stating of
the suitable non-stationary boundary conditions. So the second type of slow disturbances
is possible with and without the presence of fast disturbances.

Decaying in longitudinal coordinate slow disturbances can be of interest for investigation
of “bypass” transition, when the level of free stream turbulence is high; we can ignore
the infiuence of external forces when we examine natural transition and fully developed
turbulent flow. If we ignore this influence, we need to answer the following questions.
Can the second type of slow disturbances arise sponteneously? Can interaction of fast
disturbances be the source of excitation of the second type of slow disturbances? These
questions artse because of the indefinitness in the statement of inflow boundary conditions.

First, we suppose that fast disturbances are absent and study the process of self-
excitation of slow disturbances.

We will use the principle of locality to explain that self-exciting slow disturbances are
impossible in the flow near a flat plate, and corresponding non-linear problem has no non-
zero particular solutions steady in time and local in longitudinal coordinate Xjp.

Here is some qualitative reasonings that support this conclusion.

1. Both the Blasius solution of the Prandtl equations and particular solution of the
examined problem for disturbances depend on Reynolds number in an implicit way.
So it is sufficient to find both these solutions, when Xy = 1. In accordance with
the priciple of locality, the solution of both problems for other values of variable Xg
can be obtained in the way of recalculation of local Reynolds number. Consequently,
if local particular non-infinitesimal solution of the Prandtl problem for disturbances
exists in the vicinity of Xo = 1, then the sum of this solution and the Blasius solution
also is the solution of the Prandtl problem, and this new solution describes fluid flow
in the domain which is far enough from the leading edge. '

2. If the velocity profile is known at the inflow boundary, then the solution of the non-
stationary Prandtl problem is unique [15]. '

3. Any upstream slow disturbances of the Blasius flow decay down the stream far from
the place of appearance of the disturbances. This result has been obtained on the
basis of investigation of the stationary linearized Prandtl problem for disturbances in
[11], but one can suppose that it is valid also for non-infinitesimal disturbances and
non-stationary upstream boundary conditions.

If we compare the second and the third statements, we will come to the conclusion that
the longer the distance from the inflow boundary condition, the closer the solution of the
Prandtl problem is to the Blasius solution. Now the first statement leads to the conclusion
that non-zero local in coordinate X, steady in time particular solutions of investigating
Prandtl problem for disturbances do not exist.

At the same time, an infinite number of modes of infinitesimal disturbances of self-
similar solution of the Prandtl problem exist [11]. However, non-linear development in
time of such slow self-exciting perturbances leads to the growth of disturbances and their
destruction in restricted time interval. This result has been obtained on the basis of DNS
of the problem.
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The way of discretization in longitudinal direction is described as the following. First,
we use the known forms of perturbances for trial function choice:

N
= > Ui(n,t) X5 7, ZV 7,6 Xo 7" 1/2, n=y/\/Xo. (3)

=0

In (3) vo = 0; for j > 0 power indices v; are selected on the basis of exponential damping
of vorticity far from the wall, so vy = 1,v, = 1.887,v5 = 2.867,v, = 3.8, ... [11]. Then, we
use functions X*, k = 0,1, ... as test functnons, expanding the solution in Taylor series in
the vicinity of X, = 1.

The way of discretization in the orthogonal to the wall direction is described in [7, 8].

Simulation was performed for a dynamic system that has 2 x 31 degrees of freedom
(2 functions in longitudinal coordinate and 32 - 1 functions in orthogonal to the wall
coordinate). For integration in time of this system various schemes were applied: the
Runge-Kutta method, a semi-imlicit method, and Gear’s method. The result of simulation
leads to the conclusion that the Cauchy problem has no restricted solution on infinite time
interval.

So, both qualitative resonings and numerical simulation lead to the conclusion that
we have to exclude the possibility of self-excitation of slow disturbances from physical
phenomena accompanying the self-excitation of fast oscillations in the boundary layer.

Now we can also answer the second question. The phenomenon of excitation of slow
decaying in longitudinal coordinate disturbances by fast disturbances is also impossible
due to the spontaneous arising of such type of slow disturbances on the background of the
initiated motion, their growth in time, and the destroying of the simulated flow in restricted
time interval. This result was obtained also numerically in [7].

The simplest, but not the only way that leads to the filtration of the solution from
FP is the following. First, we can represent the solution of slow component of flow in the
boundary layer coordinates

= Us(n’ ,07t)’ Vs 777X01 /\/ XO: = PS y, )

Then we can drop the dependence of the solution on Xy in this coordinate system. It
seems reasonable to suppose that the slow component of flow is locally self-similar in a
small interval of variation of Xy [6]. This supposition slightly deforms the slow component
of the flow but gives the possibility to exclude numerical self-excitation of FP.

Now we also can remove the terms of the order of /;/Re in equations for slow distur-
bances, and the problem under consideration becomes homogeneous in the longitudinal
coordinate.

3. Calculation of Phase Speeds, Local DNS,
and Some Numerical Results

It is well known that typical structure of a quasi-regular flow propagates down the flow
with some phase speed that can be measured experimentally and obtained on the basis
of numerical simulation. A simple way of calculation of main phase speed was suggested
in [14]. This method is connected with the use of non-inertial coordinate system and based
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on calculatoin of phase speed from the condition of minimum of functional that is the scalar
product of right-hand parts of the according dynamic system.

We apply the approach described in [14] in the formal way. We can do it, because after
separation of X, the problem under consideration becomes homogeneous in longitudinal
direction.

The Bubnov-Galerkin method was adopted for space discretization of the problem.
Fourier series were utilized for discretization in longitudinal coordinate, and exponential
polynomials &, x(y) [3] were used for discretization in the direction, orthogonal to the
wall. Detailes of space and time discretization are described in [7, 8]. The use of moving
coordinate system allows us to reduce oscillations in time of longitudinal harmonics and
makes it easy to calculate phase speeds in every moment of time.

The value of I; = 27 /a sets the width of examining flow domain. We obtain steady
state flow regimes for o and Re that corresponds to transitional phenomenon.

Let A be the number of degrees of freedom of dynamic system, which is extracted
from governing equations, ¢y - phase speed of initial disturbances, ¢t; — non-dimensional
simulation time, ¢ - phase speed of steady state regime of flow, and

P _ 5o, P S_ 5.8 P
Tw = Oyu’ ,  To = 0,u°, 1) =0,u,

Tw =7'P+7'5+7'uf,,
\

when X9 = 1 and y = 0. The results of simulation are adduced in the Table 1 and in
-Figure 1.

Re a | N Co ts ¢ >
320 | 0.308 | 869 | 0.397 | 12000 | 0.38 | 0.096
50.2 | 0.308 | 1031 | 0.3949 | 9000 | 0.59 | 0.10

Table 1. Paramerers of simulation and characteristics of steady flow.

This result confirms the variant of simulation for A" = 409 that was obtained in [8]. The
increase in A or Re leads to a decrease time ¢, that is necessary for achieving a steady-state
solution.

.25 O U 25 —
2t . 2 }f
15 | . 15 -
1+ 1
S | 0s +
0 0
-0.5 -0.5 .
-1 N ]
-1.5 -1.5 P —
884088808880 8900892089408960 89809000 .5 -1 -05 0 0.5 1 1.8 2 25
Fig. 1: The dependence 7, on t for Fig. 2: Phase plot obtained by plotting

Re = 550.2,« = 0.308 Tw(t) v.s. Ty (t + At)
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It is of interest that non-linear interaction is strong: the temporal skin friction oscillates
in such a way that 7, changes between the values —1.35 and +2.38 in the point X, =1
for Re = 520 (see also Figure 1). So the 2D steady flow is an eddy flow. Mean skin friction
is greater than in laminar flow, but the recycle zones settle down the surface of a plate,
and full skin friction is negative about 1/3 of time in every place of the transitional area.
The motion turns out to be close to perodic. The projection of the the attractor on two
dimensions using delay coordinates is shown in the Figure 2. The plot is obtained for the
- second variant of simulation; 8600 < ¢ < 9140 and At = 30. The attractor is close to limit
cycle; weak background is connected with quasi-periodic component of oscillations.

4, Conclusion

The SFM is valid for local analysis of near-wall flows. The nature of self-excited oscilla- -
tions in quasi-regular flows leads to the statements of problems that have an indefiniteness
in the inflow and outflow boundary conditions. The SFM may not need to use the model
both inflow and outflow boundary conditions, but the approach under consideration re-
quires a special choice of the form of solution. This choice is discussed in the present
paper.

The SFM can be used for simulation of the development of qusi-regular flows in longitu-
dinal direction. Indeed, big longitudinal scale can be devided onto the parts with suitable
sizes, and these parts of flow can be connected by the known local inflow boundary con-
ditions. For such statement of a problem, the choice of the form of the solution requires
separate consideration. However, this way of spatial modeling puts the restriction on the
length of the wave of disturbance.

Long time simulation is necessary for obtaining the steady-state regime of flow. This
regime is found now only for iransitional values of parameters. Our numerical experience
leads to the conclusion that successful long. time local DNS for big Reynolds numbers
requires more degrees of freedom than we have used.
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A NEW APPROACH TO THE STUDY OF ORGANISED VORTICAL MOTION AFFECTED BY BODY FORCES

Eugene 1. Nikiforovich
Department of Thermal and Hydrodynamical Modeling
Institute of Hydromechanics , National Academy of Science
Ul. Zheliabova 8/4, 252057
UKRAINE, Kiev

SUMMARY

Investigations under centrifugal forces transitional
boundary layers as well as the spatio-temporal properties
of boundary layers vortical structures is one of the major
research area of the Department of Thermal and
Hydrodynamical Modeling of Hydromechanics Institute of
Ukrainian National Academy of Sciences. It has been
shown that in case of boundary layer flows under
centrifugal forces the small parameter depending on the
value of these forces can be introduces. Using methods of
matching asymptotical expansions the scenarios of the
boundary layers development ( including transition
processes from 2D to 3D) in terms of space scales of their
vortical structures have been proposed. In particular, the
knowledge about (i) formation mechanisms of 3D vortical
structures in boundary layers; (ii) spatio-temporal
properties of 2D and 3D vortical structures depending on
basic flow paranieters were obtained.

1. INTRODUCTION

The problem of understanding the origin of the transition
from laminar to turbulent flow is the most important
unsolved problem of fluid mechanics. Usually this
transition occurs in shear flows (boundary layers). The
widespread case of such flows is a flow over rigid
surfaces (generally curved) and natural convection over
heated or cooled surfaces. These two types of motion have
essentially different nature - the first type deals with
external forces, the second one is caused by internal
forces of thermodynarnical origin i.e. buoyancy forces.
Despite the distinctions in the nature of the forces and
body geometry the boundary layer development has a set
of common specific features characterizing the transition
to the fully developed turbulent flow. In particular,
intrinsic features of such motions is the existence of (i) a
domain of 2D boundary layer which can be described
using Prandtl equation in Blasius form and (ii) Tollmien-
Schlichting waves and streamwise vortices developing
downstream (Ref 7,8,18,19). On the one hand, diversity
of such flows can suppose an available single mechanism
of this development and on the other hand shows that
typical transition stages represent the intrinsic flow
feature. So, from this viewpoint we can consider these
characteristic stages of the laminar boundary layer
development as a result of the transformation one motion
kind into an other one (below the “transition” term will
mean such a transformation in laminar boundary layers).
Recent technological applications deal with the
boundary layer control problems ,i.e. the regulation of

heat/mass /momentum fluxes near the surface by
changing space-time scale characteristics of fluid motion.
Practically it implies the possibility to delay/prevent
boundary layer separation or transition to turbulence, to
reduce drag, to augment heat transfer etc.From the basic
viewpoint the optimal solution of the problem should be
based on the possibility to generate and maintain a
necessary type and scale of fluid motion in a boundary
layers for given purposes. In other words, it means the
possibility to manipulate with the space-time scales in the
mentioned above boundary layer domains using the basic
flow parameters (meanflow velocity, fluid viscosity,
geometry of body etc.). )

Traditionally investigations of transitional boundary
layers were carried out in the framework of the stability
theory based on the study of the main flow disturbances
assumed (or introduced) apriori; Tollmien-Schlichting
waves and 3D streamwise vortices generation was
considered as a result of meanflow instability .Although

Figurel. Sketch of the Goertler vortices developing
on a concave wall (from Swearingen&Blackwelder
(1987))

this approach yielded a set of interesting and useful

results (Ref 14,15,19,22), it

e  does not define space scales of the boundary layer
domains (downstream lengths) having different
types of the vortex structure (kinds of disturbances —
e.g. Tollmien-Schlichting waves, streamwise
vortices),

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
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e  does not allow to formulate the transport laws
using the basic flow parameters ang therefore can
not give an optimal method to manage transport
processes near a surface;

e  can not predict the transition location depending on
the basic parameters and therefore does not permit to
formulate an approach to the boundary layer control
in terms of receptivity ideas.

Therefore the knowledge of mechanisms of the vortical

structures formation in laminar boundary layers and their

spatio-temporal properties is important both in basic and
applied aspects, especially in relation to the idea of
optimal boundary layer control. in this connection it is
reasonable to study the spatio-temporal properties of
boundary layers under centrifugal forces as a prototype
problem due to the feasibility of direct applications,
mathematical formulation, numerical simulation and
available for comparison experimental data obtained in
the frame of the traditional stability approach. Such work
must bring an insight into the mechanisms of the flows
developing in the general case under body forces.

2. GOERTLER PROBLEM

To explain details of the proposed approach let us
consider the simplest ( from the mathematical viewpoint )
case of the boundary layer development under centrifugal
forces in open flows - Goertler problem. Consider the
flow of homogeneous viscous fluid with meanflow
velocity U over a concave surface with constant curvature
radius R (Fig.1). Viscosity is supposed to be constant.
Continuity and Navier-Stokes equations in a curvilinear
coordinate system related to the plate have a form

A Y
o'}c @) V7/A
A - uv R 1P
7+UgradU—R—y——R—y;dc +
2R & U
AU - —_—— 2)
(R-y)* & (R-y)?
2
éK+UgradV+——U =—10‘P
a R-y pd&
Av-—2R UV . (3) here

®R-»* & ®-p?
- a
—%V—+UgradW=-%—;+vAW, “)

Ugrad, A - convective and Laplace’s operators in
curvilinear co-ordinate system. All quantities are
introduced in a usual way. As usual, let's suppose that a
characteristic space scale of the flow parameters variation
normally to the surface is much less compare with R. That
is we can neglect in the basic equations terms of order
8/R. So, the equation system (1)<(4) transform into

A & W
E--}-@)-*-O"Z =0, (5

a 1P
- +UgradU = & PV +FL(6)

éK+C7gradV—-——1—£+vAV+F (7
a p & by,

éZV-+l7gradW= —l£+ VAW + F,_ (8)he
d p & bz,

re Ijgrad , A - convective and Laplace's operators in

cartesian coordinate system

.The body force ﬁ; hasa fc;xm

4 2 U
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w="R "R& TrR W
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This transformation from geometrical viewpoint means
the transformation of the curved surface into the flat
plate. From mathematical point of view equations system
(5)3(8) describe the flow over the flat plate with body
forces F due to curvature. The availability of body forces
essentially changes the boundary layer development
compare to Blasius flow. Really, these forces are
nonpotential and define the bulk source of vorticity. The
intensity of this source explicitly depends on centrifugal
forces value. So, there are two different types of vorticity
in the considerable problem - bulk source due to
centrifugal forces and constant one due to non slip
conditions. The laws of their variability in streamwise
direction are different. It is clear that the main role in the
generation of vorticity in a boundary layer on the initial
part of flowing plays the constant source due to viscosity.
Their intensity decrease in streamwise direction and there
exist the distance where intensities of constant and bulk
vorticities become comparable. Just available scales
depending on basic parameters define the main difference
between boundary layers on flat and curve plates.

The main idea of the present approach consists in the
following. The laminar-turbulent transition of the
boundary layer over a curved surface is considered as
a natural development of the flow under centrifugal
forces, i.e. the flow with anisotropy of space scales and
their essential dependence on streamwise distance.
That is the boundary layer structure is formed under the
forces changing along the x axis. So far as the
downstream development of viscous and centrifugal
forces is different (the first one been defined by the
viscosity coefficient and velocity gradient, the second one
been defined by the velocity field and curvature) there
should be fields in the flow with one of the forces
dominant and the fields where the flow structure results
from the interaction of two comparable forces. Space



scales of these fields depending on the basic flow
parameters are found from the asymptotic analysis of full
Navier-Stokes equations.
Goertler problem is characterized only by one .
nondimensional parameter - Rez- Reynolds number
based on curvature radius which is supposed to be large (
or e=Reg - small). Case of €=0 corresponds to the flat
plate. Mathematically transition from a curved surface
( £ # 0) to the flat plate ( €=0) is not regular . Indeed
this transition implies the degeneration of space scales of
this problem - curvature radius R or viscous length v/U,
here v is the kinematic viscosity and Uy is a free-stream
velocity. And as usual in physical problems the space
scale degeneration results in the singular degeneration of
the solution. That is, generally speaking, the Blasius
solution ( or Falkner-Skan in general case) for the flat
plate is not valid for the curved surface. From this
point of view it is natural to use the stability approach
for a flat plate, but that is not evident ,that this approach
can be applied in the curved surface case. Therefore
‘modern methods of asymptotic expansions of Navier-
Stokes equations can be used for the Goertler problem
with € as a small parameter. Assuming the existence
of space scales, which explicitly depends on small
parameter, and some kind of expansions for unknown
solution, one can get the equations systems for
corresponding expansions of an unknown solution valid
for certain flow domains. Physically these domains
represent flow zones with essentially different
dynamic structure and space characteristics. For more
details see (Ref 4,21).

2.1. 2D Boundary -layer approximation in the
Goertler problem

As mentioned above the limiting case of e=0 corresponds
to the flat plate boundary layer development which is
described by Prandtl equations and has self-similar
solutions. The influence of centrifugal forces may seem to
be taken into account by introducing perturbations
proportional to € into solutions of the Prandtl equations.
However the situation appears to be much more
complicated. The only nontrivial expansion of Navier-
Stokes equations solution in the Goertler problem has a
form [Nikiforovich, 1996}}

U'= Uo‘+ SmU; +
V=" Vi+eV +
p=¢p,+e¥p, "+ ...

here nondimensional velocities U” (streamwise) , V*
(normal) are based on free-stream velocity U, and
pressure -on dynamical pressure poUs”. The equation
system for a 2D boundary layer at zero approximation in
¢ takes a form of

A
& 3

LV, . W,
Us =+, é; = f;:

Available centrifugal forces (& # 0)yield the
following space scales L,=¢"°R=RRe"” in downstream
and Ly=¢”R=RRe”” in normal direction respectively.
The equations system (11) and existence of space scales
{Lx; Ly} demonstrates the fundamental distinctions
between flat and curved plates: solutions of Prandtl
equations are known to be self-similar. It results from the
only space scale equal to v/Up. For the considered
problem the zero approximation for a velocity
distribution is congruent to a self-similar solution for a
flat plate, however the pressure distribution is not self-
similar .This is the result of centrifugal forces ( or bulk
vorticity source due to the centrifugal forces) influence on
a boundary layer structure. The physical meaning of this
fact is evident - on initial part proportional to L,=R
Rer'” the intensity of the source vorticity due to non-
slip conditions (which represents the disturbance of mean
flow ) is much greater compared to that of the bulk
vorticity source due to centrifugal forces. Besides, the
self-similar solutions for the flat plate can be
interpreted as a result of receptivity of the mean flow ( it
is not "mean flow" in stability theory!) to disturbances
due to non-slip conditions. The first
approximation of these expansions has a form of

Y

)
Uo .
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Py + Y =0

U, Ay L,
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;U Uy o
@121 - ?;Co &20 +U0Vo (12)
R AR N A
U, % +U, Py + 5 -
B PV e OV s
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and describes the nonlinear interaction between viscous
and centrifugal forces, or in-other words, the receptivity
of the viscous boundary layer to the disturbances arising
due to centrifugal forces. The proposed approach shows
the sources of a possible irregularity of the boundary
layer solution - one of them is the assumption about the
flow two- dimensionality. Really, in the frame of the 2D
the zero approximation for velocity distribution does not
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depend on centrifugal forces i.e. flow perturbations due
to centrifugal forces are small. It results in a natural
assumption about invalidity (rather than instability) of the
2D solution for large x >> L.

2.2. 3D equations of a boundary layer in the Goertler
problem

Vorticity generation in a fluid body is a consequences of
the potential energy transition into the kinetic one. This
transition may acquire various forms of the vortical
motion. But the most widespread one in boundary layers
with centrifugal forces is the 3D motion organized as
longitudinal vortices . Therefore it can be supposed that
their space characteristics and an equation solution have
to depend explicitly on a small parameter €. Using the
similar to p. 2.1. asymptotic expansions procedure one
can get the following equation system for the 3D
boundary layer at zero approximation (Ref 9)

A, +éVo‘ +5Wo‘ _
& & &

Ay LU, A, U,

Uo aco +V0 @o 0 _ 0
U,

0

‘W‘ .W‘ "W‘ »
U, 0‘3:+V° 0,}‘1’+Wo 0,; =—Z:’+ (13)
&v: v .
+ éyf +i;° ~U2,
_oWV; ,W* ‘.W‘ @t
V 0 7 0 — [1]
U, Py +V, Py + W, P &
;W W
+ Py + pen

and space scales in downstream, norma) and spanwise
directions take a form of Ly,=RRe ™, Lsy= L= L= RRe’
3 respectively. :

So far as these scales appear due to centrifugal forces
responsible for the bulk vorticity sources the obtained
scales can be easily interpreted physically : Lxo, Lyo and
Lo represent characteristic space scales along the
downstream, normal and spanwise axes of considered
vortical structures. It means that here the vortical
structure develops because of the nonlinear interaction
between viscous and bulk vorticity sources and that it
represents vortices elongated downstream. The ratio
between their lateral and longitudinal scales have an
order of €', Estimation of corresponding velocities in a
boundary layer gives Up'~O(1), Vo'~ Wy ~ &'?.
Perturbations to the zero approximation in € to the 3D
solution can be shown to be of the order of 2* for
velocities and of € for pressure.

It is necessary to mention principal distinctions between
2D and 3D boundary layers equations. First, ina 3D the
zero approximation explicitly depends on € what is
opposite to the 2D case. And secondly - self-similar
solutions of 2D boundary layers equation are valid for
equation system (13) . In other words, these self-similar
solutions represent the asymptotic of 3D solutions for
small x and the scale Ly=RRe™” can be interpreted as a
scale where the 3D effects ( or the flow perturbations due
to centrifugal forces ) become comparable with the
perturbations of mean flow due to viscosity ( non-slip
conditions) . In other words the distance X where 3D
effects can be detected has a form X=A Ly=ARRe ",
here A is a constant which can be found from
experiments. That value certainly, depends on the
accuracy of measurement techniques and devices.. For
example experiments of Bippes (Ref 21) give A~10-100.
On the other hand, X, value expressed in terms of the
basic flow parameters may help to eliminate an arbitrary
choice of a downstream location for initial conditions to
analyze the stability of Goertler vortices. Thus the
considered approach can:

1. explain the transitional processes in boundary
layers from the viewpoint of validity of
corresponding expansions;

2. join, explain and formalize the validity, stability and
receptivity notions in the Goertler problem.

And finally, one of the most significant applied results is

the possibility to describe spatio-temporal properties of

2D and 3D boundary layers over curved surfaces in
terms of the basic parameters (free-stream velocity,
viscosity and curvature).

3. Stability, receptivity and validity of boundary
layers’ equations. Scenarios of the boundary layers
development.

To demonstrate the more general character of the

- proposed approach to the study of organized vortical

motion affected by centrifugal forces let’s consider their
results in the frame of stability and receptivity theories.
The main ideas of the stability theory application to the
considered problem are presented in (Ref 19) and further
considerations will be based on this article. As known,
the main idea of the stability theory consists in the
investigation of meanflow disturbances behavior in time
or in space. Different types of equations for disturbances
can be obtained depending on assumptions about mean
flow structure. In any case the problem is reduced to
eigenvalue problem with Goertler number

G=Us®M®O/R)"?, 14)

as eigenvalue (@-momentum thickness). This problem is
correct from the formal viewpoint and this approach
yielded a set of useful results. But the transition from full
Navier-Stoke equations into the cigenvalue problem
consists a set of nonevident assumptions. The main of
them is the introduction of ® (or boundary layer
thickness). This parameter could not be introduced in a
formal rigorous way despite on it experimental evidence.
In the frame of the proposed approach all space scales
characterizing the variation of velocities in normal to the
surface direction must be proportional to L. In particular



@=f(x)RReg’?? (15)

here f(x) - some function of order 1. With regard to (15)
Goertler number has a form

G=x), (16)

i.e. results of the stability theory have a local character
(for fix. x) and don’t depend on nonparallel effects.
Moreover, it’s clear that nonparallel effects are negligible
in the stability theory if the meanflow is enough smooth
in the streamwise direction. In the proposed approach
namely these effects define the longitudinal vortices
generation. Using the results of stability theory one can
estimate the distance xo where longitudinal vortices
appear. The linear stability theory give value G=0.6 for
longitudinal vortices, i.e. f{xo)=(0.6)**. As it was shown
above, in zero approximation the boundary layer
development over flat and concave surfaces are similar
and for rough x, estimation the next correlation for ® can
be made

©=0.664(vx/Ug)"?. (17)
Taking into account (15) and (17) one can get
x0=1.2 RRex . (18)

It is evident that (18) is lower estimation for xp distance.
In other words in reality the longitudinal vortices can be
generated on distance more than (18). And of course the
correlation (18) is similar to those in p.2.1. The obtained
results allow to interpret the stability theory results as
follows: in the frame of the proposed approach it was
shown that in general case the flows over concave surface
are 3D and can be described by equations (13). The 2D
Blastus solution is valid for these 3D equations (more
exactly Blasius solution is an asymptotic for small x), i.e.
assumptions of the stability theory mean that the solution
can be presented in form

U=Un(n)+e"*Usp(x,y,2), (19)

and set of equations for Usp(x,y,z) will be similar to the
stability theory equations at G=1. Than results of stability

theory detecting the growing for large x solutions
Usp(x,y,z), define secular terms in expansions (19). The
main distinction of the proposed approach from the
stability theory is the rigorous definition of space scales,
their dependence on basic parameters and clear physical
meaning.

Vortex dynamics in transitional boundary lavers over
concave surfaces can be better understood if the space
scales of the 3D vortical motion found from the present
analysis are interpreted in terms of the well known
stability approach.

To match these two approaches, obtained Lo and X,
values can be considered in the frame of the Goertler
stability diagram (Fig. 2) which allows to judge about the
amplification rates of disturbances at growing Reynolds
or Goertler numbers. The minimal scale of vortices for a
wide range of nondimensional wave numbers is given in
the diagram by the nondimensional wave parameter Ag=
Us/V(A/R)"? =30 found both numerically (Florian, Saric,
1982), and experimentally (Yurchenko et al, 1985,
Aihara, 1985), Fig. 3. Numerous results of other
experimentalists cited by (Florian, Saric, 1982) display
nondimensional scales of longitudinal vortices (of greater
values) existing in boundary layers over concave walls
Since all the transverse space scales in this problem are to
be proportional to Lo value, it is evident that A, =cLo Jhere
¢ is constant. Substituting A into Ag,one can find ¢ ~ 9.
Thus the minimal spanwise scale of longitudinal vortices
in the Goertler problem is defined by the basic flow
parameters as A,=9RRep>>.

100.0 ' A=1890 630 210 100 30

10.0

1.0

0.1

0.01 04 1.0 @, 100

Fig.2. Goertler stability of streamwise vortices
in boundary layers: 1, 2 - calculations by
Florian & Saric (1982), curves of neutral
stability and maximum growth rates
respectively; 3 - experimental curves of
neutral stability and maximum growth rates
respectively by Yurchenko, 1985, 1986; 4 -
experimental data for a neutral stability curve
(rigid surface) obtained by Aihara (1985); 5 -
vortices with maximum growth rates
(experiment, Yurchenko, 1985; 6, 7 -
experimental results by Blackwelder (1987),
Bippes (1972), and Tani (1962)
correspondingly.
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The obtained results allow to explain the formal meaning
of the receptivity concept and to describe possible
scenarios of boundary layers development in space scales
terms. Let’s consider the interaction of the homogeneous
meanflow Up={1,0,0} with different types of disturbances.
It’s evident that Uy is exact solution of full nonstationary

x*=Re=xUo/ »

zero approximation of € is 2D and self-similar. So,
theoretically the BL. development over concave surfaces
can be presented as follows: in case of =0 we have the
flat plate and for this value of basic parameter the BL
development is described by Blasius or Folkher-Skan 2D
self-similar solutions. From the viewpoint of disturbances

Fig.3 Validity Diagram. Theoretical Scenarios of Boundary Layers Development

over Concave Surfaces.
Characteristic lines:
x =Re=ARep”” =Ae™>” - transition point;

A" =A.Uo/v = 9 Rer"® =9 ' — minimal scale of vortices;

Navier-Stokes equations with corresponding initial and
boundary conditions. Fig3 represents the physical
interpretation of results obtained in the frame of the
proposed approach. The vertical axis is the
nondimensional distance from the leading edge of the
concave surface based on viscous length; the horizontal
axis corresponds to the value of basic parameter of the
problem - e=Rer”’. From the physical viewpoint these
axes reflect the values of disturbances due to viscous
(vertical) and centrifugal (horizontal) forces.
Theoretically it was shown that the flow over concave
surface primary has 3D character and the generating
vortical structures are elongated inthe downstream
direction. The main reason of such streamwise vortices
appearance is the availability of centrifugal forces. For
small x (compare to Ly, not to viscous length) the flow in

introducing into meanflow the flat plate represents the
disturbance of meanflow due to non slip conditions. The
result of these disturbances with meanflow is the Blasius
flow. In other words Blasius flow describe the receptivity
of the meanflow to disturbances generated by plate. The
only one space scale exists in this problem - viscous
scale=v/Uy, connected with the type of disturbances.
Namely this circumstance explains the existence of Re, -
critical Reynolds number characterizing the transition to
turbulence in case of the flat plate and the existence of
self similarity.

And now let’s consider the Falkner-Skan flows, which are
self similar too. The existence of the self similarity is
connected with the special kind of flow far from plate
U~x", which can be considered as special kind of
disturbances of meanflow Up. From the physical point of



view there is two types of disturbances - non slip
conditions and the special kind of meanflow disturbances.
Therefore Falkner-Skan solution describes the nonlinear
interactions between two types of disturbances and result
in boundary layer with viscous scale v/Up.

Both Blasius and Falkner-Skan solutions are valid for
large x (compare to viscous length) and describe the
nonlinear interaction between meanflow and disturbances
induced by nonslip conditions. From the theoretical
viewpoint there isn't any reasons for invalidity of 2D
self-similarity. The situation is essentially changed in
the case of the finite value of &. For each value € one can
estimate the space scale of quasi 2D BL and minimal
scale of the generating 3D vortices. The upper curveline
divides the plane onto two parts - the upper part
corresponds to the domain of 3D streamwise vortices and
the lower part - to quasi 2D BL with the self-similar
solutions. The lower curveline defines the minimal scale
of generating vortices for given value €. Thus, this
diagram describes the theoretical scenarios of BL
development over concave and flat plate and 1) shows
the singular degeneration of the problem at the
degeneration of the space dimensionality (ate=0 we
have 2D BL, at finite € - 3D); 2) that the nature of
streamwise vortices is connected with the nonlinear
interaction between deterministic viscous and
centrifugal disturbances (but not with the instability of
meanflow). From this point of view the upper
curveline describe the receptivity of viscous BL to
"external” disturbances due to centrifugal forces.

It was the theoretical analysis of possible scenarios of
BL development under centrifugal forces and this analysis
explain some specific features mentioned above. Results
of this analysis allow us to understand the physical nature
of real flows over concave surfaces. Fig.4 represents the
diagram describing the possible scenarios of real BL
flows under centrifugal forces in terms of basic
parameters. First of all let's consider the case of =0 -
flat plate. The real flow is characterized by critical
Reynolds numbers - Re, ; - nondimensional streamwise
distance where the transition to turbulence occurs. This
transition reflects the existence of random freestream
disturbances and represents the result of nonlinear
interaction between such random and deterministic
disturbances due to nonslip conditions. In other words
freestream disturbances define the quality of real
meanflow and surface (from the viewpoint of their
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correspondence to theoretical initial and boundary
conditions). It means that the stability theory describes
the interaction between random and deterministic types
of disturbances and this theory is natural for the flat plate.
That why the stability theory defines well the value of
critical Re,. But the situation is getting quite different
in the case of concave surface. As it was shown,
streamwise vortices generation is connected with the
nonlinear interaction between deterministic viscous and
centrifugal disturbances. Therefore the streamwise
vortices generation couldn't be described principally by
the stability theory.

The real flow over concave surface can be presented as
follows: for value € < &5 the scenario of BL development
is defined by interaction of random freestream and
deterministic viscous disturbances and is similar to the
scenario over the flat plate. Differences will appear in
the domain x*>Re;. In this turbulent region the Goertler
vortex structure will have to be appeared due to
influence of curvature (this question requests the
additional investigations). In the region £>¢2 we have
"transition” from 2D self-similar flow into 3D streamwise
vortices (like in the previous diagram). Here

"transition" means that 3D effects become relatively large
and could be detected experimentally. This
transition (called the primary instability) is defined by
nonlinear interaction of DETERMINISTIC disturbances,
but is not the result of meanflow instability. The
generating streamwise vortices represent the 3D
MEANFLOW for this case. These vortices growth in
streamwise direction and the intensity of their vorticity
decrease. Finally the freestream disturbances become
comparable with disturbances due to vortices. The
nonlinear interaction between freestream, viscous and
centrifugal disturbances physically defines the breakdown
of streamwise vortices and the transition to
turbulence. The dependence of points where the primary
and secondary instabilities occur on the basic parameter
has the same form with different constants A and B. But
these constants have a quite different physical meaning -
constant A separates the laminar BL regime onto 2D
and 3D domains and actually is detected by the
experimental investigations accuracy. Constant B has the
same nature as critical Re, for the flat plate and reflects
the meanflow and surface quality.
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Fig .4 Validity, Stability and Receptivity Diagram

Boﬁndcry Layer Approximation Eg<<1

x =Ae?? - primary instability;, x =Be ™ - secondary instability;

L "= AUg/v=9 = - minimal scales of vortices.

Lao= A& - length of 2D BL, Lap= (B-A)e?” - length of 3D BL (Streamwise vortices),
Re; 2 - critical Reynolds numbers for the flat plate, £ 2=(A/Re; 2)"?.
Boundary Layer Control: <> — control of the bulk vorticity; - control of the surface vorticity

This diagram allows to propose some ideas related to
optimal BL control methods and shows the possible ways
of such control using artificial disturbances. Indeed, the
streamwise vortices generation and their minimal space
scales are defined by the interaction of surface and bulk
sources of vorticity. So, the idea of the optimal BL control
consists in the opportunity to balance the viscous and
centrifugal (surface and bulk) sources of vorticity. It
means 1) the increasing of BL thickness or/and 2) applying
of some bulk source of vorticity ( from this point of view
artificial vortex generators don't generate streamwise
vortices by themselves - they make comparable the
intensities of bulk and surface sources of vorticity). For each
value of basic parameter £ and value of point Xc where it's
necessary to generate streamwise vortices, one can show
the possible and optimal ways to do this

4 CONCLUSIONS

e The asymptotic analysis of Navier-Stokes equations
brought to a deeper insight into the laminar-turbulent
transition mechanism and the vortical boundary layer
structure developing under centrifugal forces.
Longitudinal vortices, as an essential flow structural
feature, were shown to originate from the interaction of
two vorticity sources (due to viscous and centrifugal
forces) when their intensities become comparable at a

certain distance. Available centrifugal forces were
proved to result in essentially 3D nature of boundary
layers.

e streamwise vortices generation is not a result of
instability of some unknown meanflow. This is result of
nonlinear interaction between DETERMINISTIC viscous
and centrifugal disturbances;

e  "secondary instability" is really instability of streamwise
vortices - result of nonlinear interaction between
random freestream and deterministic viscous and
centrifugal disturbances.

e  Presented analysis allows naturally to join and
mathematically explain such notions as validity, stability
and receptivity and propose the optimal ways of BL
control using basic parameters.

Besides, this approach gives a natural classification of

disturbances:

1. Initial and Boundary Conditions; Body Forces - could
be described rigorously by thermodynamic and Navier-Stokes
equations;

2. Freestream disturbances (random) - reflect the meanflow
and surface quality;

3. Artificial generators - vortex generators.

The presented analysis explains the physical mechanism of
different types of motion (Blasius and Falkner-Skan flows,
Tollmien-Schlicghting waves, longitudinal vortices,




turbulence) generation and existence in boundary layers with
centrifugal forces as result of nonlinear interaction between
disturbances due to viscosity / centrifugal forces and
meanflow. The problem can be characterized by three internal
space scales, characterizing the the nonlinear interactions of
free, viscous and centrifugal disturbances.

The validity of the used approach follows from the comparison
of the results presented in the frame of the Goertler stability
diagram, the present approach having the advantage of a more
general character. and possible applications dealt with the
boundary layer control. It allows to understand the transition to
turbulence as a continuous process with the vortex dynamics
stipulated by domination or balance of available forces.
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1. SUMMARY

Experimental studies conducted on live penguins as well as
measurements with life-sized models of their trunk in a water
tank revealed extremely low drag coefficients, although there
was some evidence that transition from laminar to turbulent
near-wall flow occurred in the most frontal part of their body.
At a Reynolds number of 3-10° the drag coefficients were 20-
35 % lower than those reported for the best turbulent
technical bodies. Contrary to fish and dolphins, the penguin’s
trunk does not contribute to thrust production. Trunk
oscillations during a wing beat cycle are moderate. Therefore,
the spindle-like penguin trunk may well serve as live
example for how energy may be saved by shape optimisation
of stiff bodies. The trunk of these birds is relatively short and
thick, thus offering a large volume with minimum drag,

Using the arithmetic means of data on body geometry from
three medium sized penguin species, an axisymmetric body
was constructed. By drag measurements in a water tank, this
body of revolution was found to be an excelient low-drag
laminar body (e.g. the lowest frontal drag coefficient was cur
=0,0156, measured at Rep = 2,331'105). When the transition
from laminar to turbulent flow was triggered at at 5 % of the
body length the surface drag coefficients remained even lower
than those of a turbulent flat plate of equal length, and with
increasing Reynolds numbers they declined at a higher rate.

Detailed studies on boundary layer development suggested
that drag reduction resulted from the multiple curved (wave-
like) outlines of the body. Due to altenating concave and
convex parts, a stepwise pressure and velocity distribution
was developed. Thereby, the thickness of as well as the
boundary layer the turbulent velocity fluctuations within the
boundary layer could be managed to keep the wall shear
stress low. Hypothetically, by this mechanism, the vertical
exchange of energy can be managed in a way that the
boundary layer receives energy from the outer flow just
sufficient to prevent flow separation.

Recently, some numerical approaches have proved the
Evolution Strategy to be an appropriate method to achieve
optimisation in a parallel way as used by nature. However,
based on the calculation methods implemented as yet,
multiple curvature effects did simply not occur even in these
simulations. Nevertheless, since most of the higher evolved
flying and swimming animals show wavy body contours,
comparative studies on the curvature development with size
progression seem to be promising. At least, a first comparison
of three different sized penguin species suggests that there

might be some distinct (“harmonic™) solutions to that kind of
shape adaptation.

However, viscous drag reduction becomes most efficient if
shape optimisation can be combined with appropriate drag-
reducing surfaces and/or other mechanisms of drag reduction.
Using a novel method for flow visualisation with controlled
dye ejection underneath of the plumage fundamental insights
into the details of the boundary layer development in live
penguins swimming at various flow conditions and into its
interaction with the vortex system generated by the wings
could be obtained. These visualisation experiments confirmed
that, in fact, transition occurred in the most frontal part of the
bird’s body. In most cases, a quite regular pattern of
transversal waves running over the compliant surface of the
plumage (wave length 2 -3 cm) was observed. Corresponding
to the wing circulation changing its direction during each
stroke phase, the waves became more pronounced on the
dorsal and ventral side during the up-stroke and down-stroke,
respectively.

Apart from rather passive mechanisms (multiple curvature
effects, compliance and microstructure of the plumage)
possibly responsible for keeping boundary layer turbulence
at a certain but overall low level, the structure of the near
wall flow was managed also by a number of active
mechanisms: Tiny adjustments of the body shape (changes
in the position of the head, neck, feet and tail) and thereby
of the pressure and velocity distribution had a remarkable
influence on that flow pattern. Additionally, just after
descending, some parts of the body may became covered by
a thin film of air that reduces the wall shear stress locally to
an absolute minimum. These areas corresponded well to
those characterised by a low pressure gradient in the earlier
model experiments. The most persistent air bubble was the
one in the neck, which was subjected to unsteady
oscillation. At this location a vortex seems to be formed
which is assumed to underlie the same oscillation. This
could be a possible explanation for the mechanism
generating the running wave observed further downstream
in the boundary layer.

Finally, an extraordinary measure to drastically reduce body
drag temporarily could be a sudden ejection of large amounts
of air by the bird. Boundary layer saturation with air bubbles
could be observed when the animals try to achieve extreme
acceleration e.g. during escape reactions or before jumping
out of the water.

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.




Fig. 7 Paint-flow visualisation without (above) and with

turbulence generator (below).

Fig. 10 Boundary layer visualisation in a live Gentoo
penguin. Above: a single picture printed out from video
records. Below: Scheme obtained from the entire sequence.
I air bubble, 2 and 3 indicate the places of dye application.
Note the quite regular pattern of the intermittent flow.
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Fig. 8 Velocity profiles in the wavy frontal part of the body
measured by hot-wire anemometry. The horizontal lines
indicate the boundary layer thickness corresponding to
99% of the velocity of the outer flow.

Fig. 11 Schematic graph of a rare high-speed video picture
showing the development of ring structures in the boundary
layer of an Adelie penguin.
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Fig. 9 Turbulence profiles at the same points

Fig. 11 Comparison of the body contours: Little, Gentoo
and Emperor penguin.




Fig. 1 Geometry of 3 casting penguin models: Adelie (solid
line), Chinstrp (dashed line) and Gentoo penguin (dotted
line)
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Fig.2 Body of rotation derived from the penguin data

Table 1. Geometry of penguin bodies. A frontal area (m’),
d diameter of the frontal area (m), | body length (m), x4
abscissa of the maximum thickness (m), I/d length to
thickness ratio, xa/l maximum thickness position.

species I/d x4/l A d=/(4A/ n)
P. antarctica 4,54 0,44 0,01959 0,158
P. adeliae 4,35 0,47 0,02083 0,163
P. papua 4,00 0,44 0,02706 0,186

body of revolution 4,237 0,443

0,02147 0,165

Fig. 3 Model of a Gentoo penguin in the smoke-wind tunnel
(steam velocity 11 n/s)

13-3

pEaes
iy
e

- s mw~

-
o000

H

£

]
LTI

I =

i
I
i

OEEEEXTD ] ' . R
Re

Fig. 4 Frontal drag coefficients plotted against Reynolds

numbers. Not that in this graph Re was calculated by

using the maximum diameter as reference length.
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Fig. 5 Surface drag coefficients of the body of rotation
plotted against Reynolds numbers. Note that in this graph
Re was calculated by using the body length as reference
length. The bracket values contain drag increase due to
undesirable Froude numbers and should be ignored. Dotted
lines: laminar (below) and turbulent (above) flat plate.
Dashed line on top: turbulent bodies with a length to
thickness ratio of 4.2 (after Hoerner 19635).
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Fig. 6 Pressure distribution, experimental and numerical
data.
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indicated in brackets. It is seen that, varying a thickness of
the layers, types of the materials, and their combinations in
plate constructions, one can obtain a variety of damping
characteristics of the coating for a given energy range. For
instance, simple variation of a coating thickness (curves 5-7)
results in different values and character of K(P), the
minimum coating thickness of 3.5 mm (curve 5) having
displayed the influence of a Plexiglas basement which
properties are described with a curve 14. Heating of the
compliant plate No. 7 (curve 11) increases the damping
compared to the “cool” plate (curve 12). However the effect
(“sign”) of heating was found to depend on a type of the
material.

Figs. 5, 6 show strongly nonlinear stress-strain characteristics
of given materials. Therefore the elasticity modulus E can be
estimated as a slope of only initial parts of presented stress-
strain curves showing the possibility to obtain E ~ 10* - 10°.
The external rubber membrane appears to increase
significantly the elasticity of a system (compare curves PI. 1
and Pl. 2, Fig. 5), combinations of layers of the same
material (Pl. 3, 4, 5) give a range of various E values. The
same is also demonstrated in Fig. 6 for the test plates 7, 8, 9
(solid lines) fabricated from various combinations of the
materials 1, 3, 5, 6 (dashed lines).

For the flow tests, the plates 7-11 were selected but the main
part of experiments in a transitional boundary layer was
carried out over the compliant coating No. 10 which
represented a one-layer material No. 3 glued to the Plexiglas
basement.

Boundary layer measurements

Flow measurements were carried out in an open water
channel with free-stream turbulence level of about 0.05%
that could be increased up to 10.0%; a test section sketch is
given in Fig. 7 (a), the experimental facility and
measurement technique having been described in detail in an
earlier publication (Ref 3). The boundary layer was
investigated on a bottom of the test section with transparent
side walls. It provided a possibility to use flow visualization
techniques to register a kinematic flow structure.
Electrochemical tellurium method was used to get visualized
patterns adequate to U(z) velocity distributions, the tellurium
wire having been oriented along z axis. Applied pulses of
voltage resulted in the ejection of colored lines of colloidal
tellurium. Typical visualized time lines propagating
downstream of the vortex generators are shown in Fig. 7 (b,
c).

The test section bottom surface was either flat or contained a
concave part with a curvature radius, R=1,4or 12 m. In
each case, a distance from the leading edge to the curved
section was 50 cm and a maximum surface sag was 5 cm.

The laminar-turbulent transition was studied over rigid and
compliant, flat and concave surfaces, that is taking into
account the influence of available centrifugal forces and
emphasizing the role of streamwise vortices in the flow.
Properties, behavior and control of longitudinal vortices
naturally developing during transition to turbulence and
those induced with an array of vortex generators were the
main purpose of these studies. The special interest to the
longitudinal vortical structure is stipulated with the
prevalance of this motion type in various flows (Ref 5) and
the possibility to describe it in the rigorous mathematical

formulation (Ref 6) that together with results of experiments
brings to the understanding of basic mechanisms of vortex
dynamics.

Vortex generators were mounted on the test surface [4]; the
distance between adjacent vortex generators varied in the
range of A;=0.4 -3.2 cm with 0.2 cm step having defined
the scale of generated vortices.

Fig. 8 shows the time lines in xz plane across the boundary
layers over flat rigid (left) and compliant (right) surfaces.
Analogous flow conditions in both cases resulted in a
strongly three-dimensional flow structure in a transitional
boundary layer over the rigid plate, while all the processes
were delayed and smoothed over a compliant plate (Ref 8).
Experiments with the generation of regular vortices
displayed a picture similar to that of the natural transition of
Fig. 8: intensity and scale of generated vortices had to be
greater than on a rigid surface to cause a noticeable
response of the boundary layer over a compliant surface to
external disturbances. To formalize the investigation of the
boundary layer receptivity, it was carried out in terms of
Goertler stability. It means that boundary layers over
concave rigid and compliant surfaces were analyzed from
the viewpoint of the flow ability to support longitudinal
vortices of a given scale under given flow conditions. The
results are presented in Fig. 9 in a form of neutral and most
amplified disturbances. They show a good agreement with
the numerically obtained data for the case of a rigid surface
having been shifted to the left (larger scales) for the case of
a compliant surface.

Conclusions

1. Measurements of compliant materials:

results for various practically available resin-type materials
are presented in a form of density values, stress-strain and
damping characteristics. They provide the data base for
computational and further experimental work, as well as
possibilities to estimate and obtain necessary parameters of
the coatings for given conditions using multi-layered
constructions.

2. Flow measurements:

compared to the rigid surface case, boundary layers over

compliant surfaces display

e  delayed development of the vortical structure during
transition to turbulence,

¢ enlargement of the vortex space scales both at natural
transition, and as a response to external disturbances,

e  decreased amplitudes of three-dimensional
disturbances.
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Table 1
sample N a3 _
ores/10cm | 17 | 24 23 25 19 16 3
, kg/m3 42 | 120 | 133 | 173 | 250 | 272 | 1100
Fig. 1 Measurement of inertial properties; density p.
AL’
S, [ 4
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Fig. 2 Measurement of elastic properties under static

loading; stress—strain characteristics, o(<).

Fig. 3 Measurement of damping properties; damping co-
efficient depending on the excitation energy, K(P) and

loss angles tg .
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Table 2 Constructicn of multi-layered compliant plates.

the same porous material, No. 1

K
1

1 4 0.7 - o %
2 3 0 59 10 2\:_—::-—:-_..-_‘...
3 5,* 0.46 T ‘__-_,_,_:3;‘_ 9—2:::_
4 5,* 0.28 s’ T
- . T 0.7 -
6 5, 0.15 13 A
7 S 0.15 a ’,"\s
8 4+5, 0.64 L
9 5, +4 0.47 L2 r’, 6. .-
10 PL 10 (3) 0.56 -t
11 PLT7 (7115)" 0.51 i
12 PL7 (7”5) 0.44 0.3 | ! LA
13 PL. 8 (5!15) 0.36 10

P,J

Fig. 4 Damping properties of materials (samples and test plates, thickness d ).
Symbols:  * — bigger pores, Subscripts: 1 -d = 3.5mm,
- heating, 2-d = T7.0mm,
|| - membrane, 3-d = 10.5mm.
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Fig. 5 Stress—strain characteristics of compliant plates fabricated from the porous material No. 1.

Fig. 6 Stress—strain characteristics of compliant materials 1,3,5,6 (curves marked with asterisks) and multi-layered
plates fabricated from them.
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Fig. 7 (a) Water channel test section, 3.0m x 0.25m x 0.1m, U, = 0.03 — 0.6m/s.
(b,c) Flow structure visualization in water channel. 1 ~ vortex generators

2 — tellurium probe

3 - visualized time-lines
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Fig. 8 Visualized flow field (top view) in transitional boundary layers over flat rigid (a) and compliant (b) surfaces:
1 - Tellurium wire, 2 — Tellurium lines, 3 — transverse 10cm marks along the bottom, 4 — axis marks;

a: Uy = 6.7cm/s; z = 1.1m; y = 3mm (1), 4mm (Il), 5mm (1), 6mm (IV),

b: U = 5.0cm/s; £ = 2.2m; y = 2mm (I}, 4mm (}l), 6mm (), 8mm (IV).
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Fig. 9 Stability of streamwise vortices in boundary layers over rigid and compliant surfaces.

1,2 — calculations by Florian & Saric (1982), curves for constant growth rates and maximum amplification respectively;
3,4 — experimental curves of neutral stability and maximum amplification respectively (rigid surface), (1984);

5,6 — experimentally obtained regions for neutrally stable and most amplified disturbances over a compliant surface;
7 - experimental data for neutral Gértler stability curve (rigid surface) obtained by Aihara (1984).
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Dynamics of vortices in near-wall flows: eigenfrequencies,
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1. SUMMARY

Some ways of control of near-wall flow character-
istics are analysed. They are based on generation
in the flow of large vortical structures with spe-
cial dynamic properties. In this connection, dy-
namics of 2-D stationary vortices located near the
flow boundary irregularities are investigated by nu-
merical simulation with using the model of ideal
incompressible fluid. Parameters of standing vor-
tices in a cavity, behind a bulge, over a wavy wall,
in the wake of a cylinder were calculated and the
classification of stationary points for corresponding
areas was made. The vortex located in the station-
ary point was shown has the characteristic eigen-
frequency. It leads to resonant interaction of the
vortex with external perturbations, when the vor-
tex frequency is similar to that of the perturbation.

To generate the stationary vortices near a body, it
is proposed to use special cavities (vortex cham-
bers). Patterns of the flow near the wall with the
cavity were obtained by discrete vortex method.
The steady standing vortex above a flat ptate was
shown can be got in the active control system of
pulsed sources with feedback.

2. INTRODUCTION

The control of unsteady fluid flows in near-wall ar-
eas and in the wakes of bodies is attracting wide
interest in both the fluid mechanics and engineering
because of the many potential applications. Drag
reduction, lift enhancement, mixing improvement,
etc. are some of the many problems where con-
trol of near-wall flows can be applied. Because of
the flows of fluid in near-wall areas depend con-
siderably on motion and evolution of large vortex
structures existing there, knowledge of its dynamic
properties is the necessary condition for successful
realization of the flow control.

The end aim of the control depends on specific en-

gineering application of the flow. To get the opti-
mal flow characteristics, either formation of large-
scale vortices, which are steady to external per-
turbations, or fast destruction of the large vortices
and formation uniformity vorticity field is needed.
In particular, reduction of the body hydrodynamic
drag can be gotten with transfer from chaotic tur-
bulent flow regime in the near-body area to the
regular flow and formation large steady vortices in
the wake.

The secondary vortex structures in near-wall area
can be formed with the help either of special irreg-
ularities of flowed surface (cavities, bulges, steps),
or of surface deformations (for example, traweling
wave) and vibration of the body. As experimental
researches show [5,8,16 |, the generation of vortices
and ensuring of its stability demand large energy
costs which may exceed the effect from the local
reduction of hydrodynamic drag. Besides, stand-
ing vortices are steady in narrow diapason of ex-
ternal flow velocity. The way of control satisfying
the requirement of physical validity and utilizing
the minimum amount of energy expenditures has
to use the information about critical points and
other topology features of a flow pattern as well
as the knowledge of dynamic properties of the vor-
tices. The modern control schemes are directed on
formation the necessary topology of the flow pat-
tern | 6, 7, 14]. The last includes the change of
the location of flow critical points and their type,
that allows to create the stability standing vortices
in flow field. Further control uses dynamic proper-
ties of the vortices and either supports or destroys
those in accordance with the aim of the control.

To develop the algorithms of control of near-wall
flow large-scale structure, resonant properties of
vortices are also interesting. It is well known that
water animals control its flow-around, spending
minimum quantity of energy. It has not been real-

Paper presented at an AGARD FDP Workshop on “High Speed Body Motion in Water”,
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15-2

ized in technical equipment using analogous mov-
ing manner (for instance, in wavy engine, flop-
ping wing, impuls hydrojet engine). The resonant
regime of flow, in which the small disturbance of
flowing surface leads to considerable change of the
flow pattern and appropriate hydrodynamic load,
is one of ways providing such effect.

To realize the strategy of control, as passive algo-
rithms (change of the flowed surface shape, mount-
ing the fixed wings, ribs and other elements) as
active those (periodic suction and blowing, mount-
ing the oscillating wings) can be applied. The ways
of control with feedback are the most perspective
ones. They use monitoring the vortical structure
of flow field in virtual time, that allows to direct
purposefully the control force either on keeping or
on destroying the stationary configuration of large-
scale vortices in the flow.

Vortical structure of near-wall flow in real construc-
tions is highly complex and depends on character
of flow-around, i.e., Reynolds number, the shape
of the boundary, vibration of the design and other
factors. Formation of vortices in near-wall flow is
the display of viscous interaction forces. There-
fore, analysis of generation and dissipation of the
vortices demands the development of complex and
detailed models based on Navier-Stokes equations.
In comparison, stability and dynamic properties of
the large vortex structures formed due to vortex
sheet instability can be considered in frameworks
of ideal fluid. Last years, the approach consider-
ing the set of vortices as a dynamic system was
developed [ 2, 7, 10, 17 ]. The steady vortex in
near-wall flow was obtained to have the character-

istic eigenfrequency and resonant properties that .

allows to act on its by means of external periodic
perturbation which has the given frequency [ 10 ].

In the present work, the theoretical analysis of
topology of some near-wall flows and dynamic
properties of the vortices located there is made as
well as the ways of influence on the behaviour of
the vortices and the general structure of the flow
are grounded.

3. VORTICES IN RECIRCULATION
ZONES FORMED BEHIND BOUND-
ARY IRREGULARITIES: STATIONARY
POINTS AND EIGEN FREQUENCIES

Application of artificial unevenness of the flowed
surface (bulges, grooves, ribs, vortex chambers)
for improvement of hydrodynamic characteristics
of devices was described by P.K. Chang [ 8 ],
F. Ringleb [ 15 ], V.K.Migaj { 12 ] and oth-
ers. Analysis of experimental and theoretical re-

sults shows that reaching the necessary effects (in-
crease of opening angle and reduce of hydrody-
namic losses in diffusers, decrease of both the body
hydrodynamic drag and the sizes of recirculation
zones) are explained not only turbulization of the
flow due to unevenness of the wall but also inter-
action of formed vortices with external flow. Ap-
plication such systems will make a success if the
vortices in near-wall flow are steady ones. Unfor-
tunately, experimental dates [ 5, 8, 15 ] are evidence
of sensitivity such vortices to external flow pertur-
bations, that reduces efficiency and value consid-
ered schemes. In the present work, the nature of
excessive sensitivity and non-stability of vortices in
near-wall flows is investigated.

Here we consider the flow near the surface with a
cavity to demonstrate the characteristic features of
near-wall flow. The rolling-up of separated shear
layer is modelled by vortex method [ 3, 4, 9, 11].
The time-dependent circulation of nascent vortex is
predicted by an unsteady Kutta condition. To sat-
isfy the boundary condition, the conformal map-
ping of physical area into the upper half-plane is
used. Equations of vortex dynamics are analysed
with applying the numerical methods. Since we
model the flow with the high Reynolds number, we
have to expect the following flow configuration: the
flow separation from the entrance edge, the forma-
tion of mixing layer above the cavity, the backflow
inside the cavity, the flow reattachment near the
outlet edge and the movement of large-scale struc-
tures in the near-wall area. The complexities of the
simulation such processes are connected with the
essential non-stationarity of the vortex generation
as well as with the necessary to take into account
the interaction of the vortical structures of different
scales between them’s and with the wall.

Some results of calculations are depicted in Fig.1.
The vortex sheet shedding from the cavity entrance
edge is unsteady one. At an initial stage of its evo-
lution, the vortex sheet breaks down into the sep-
arated vortical structures which are like on those
generating in the mixing layer (Fig. 1 a,b,¢).
These structures have the periodic character. The
space and temporal periodicity is broken when the
shedding layer interacts with the wall near the cav-
ity outlet edge. One part of the vorticity goes into
cavity and forms the recirculation zone and another
part is carried away in near-wall flow. The forma-
tion of both the recirculation zone inside the cavity
and the quasistationary flow in near-wall area be-
hing the cavity come over very slowly ( when 7 > 20
, where ( 7 =tU/a, 2a is the cavity chord). In
quasistationary flow, the point vortices will occupy



the cavity practically in regular manrer, if the cav-
ity is shallow (Fig. 1 d). At the same time, those
will concentrate near the cavity centre, if the cav-
ity is more depth (Fig.1 €). As results of simula-
tion show, the recirculation zone is characterized
by nearly periodic pulsations, which are caused by
the precession movement of the vorticity centre in
the cavity (Fig. 1f). We will show further that the
existence of the eigen periodic motion of the vortex
structures leads to selective receptivity of the flow
to external periodic perturbations.

Existence of the compact areas with large concen-
tration of the vorticity allows to use the simple
model, in which the behaviour of a vortex whose
strength is equal to integral intensity of vorticity
in the area is considered.

3.1 Model of standing vortices

We are limited by analysis of two-dimensional prob-
lem, that permits to use the methods of conformal
transform theory. Let a vortex with the coordi-
nates 2o(zo, yo) Iis located in a closed area D
whose boundary is L. The free flow in the area
is rectilinear and is described by the velocity Ux.
By means of function { = f(z) we realize the
conformal mapping of the area into the upper half-
plane of auxiliary plane ¢. The complex flow po-
tential describing the free stream with a vortex is
the following function from ( :

Q) =20+ 5z ()

¢—Co
¢ = f(2).

Here &, is the complex potential corresponding
to the external flow, T is the strength of the vor-
tex, (o is the complex coordinate of the vortex in
¢-plane, the overbar denotes a complex conjugate
and 2 = —1.

The equation describing the movement of vortex in
the area’ D can be obtained from (1):

- _ . _ dZ‘o .dyo _

Vo =Vor —iVoy = 57— 15 =
_ (d%l r )dC r (dz( d()
TN dC le=¢o 4mno/ dz li=zp  4mwi\dz2/ dz

2)
The position of a stationary vortex 2§ (z3,y5) is
determined from the condition:

.
2=z,

It can be presented in the following form :
r d¢\2 s d*¢ il
tae) (%) /&l ey 3 =0

(dd)o z2=z3 B 47
(4)

d¢ |c=c;

4]
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Extracting the real part from (4) under the condi-

. dd . .
tion Real [_dTO] =0, one derives the equation for
determining the stationary vortex position :

(/50 ©

To find the strength T'o of the standing vortex,
the image part (4) is used. The condition (3) is
not sufficient one. To determine the parameters of
the standing vortex in full, Kutta condition has to
be used when the flow boundary has sharp edges.
Otherwise, experimental data may be attracted.

The motion of the vortex in the neighbourhood of
stationary point can be as stable as unstable with
respect to perturbations of free stream velocity,
strength of the vortex and shape of the flow bound-
ary. The behaviour of the vortex in the neighbour-
hood of stationary point z§(zy, y5) , in the pres-
ence of perturbations is investigated by analysis of
the following linear equations : :

dAz
= a11Az + ay2Ay _
A (6)
———y = (121AZ + angy
dr

Az=zq—-2z5 Ay=1y — Y,

The coefficients a;; are the components of Jacobi
matrix for equation (2):

Vz OV
M=\ Gz ) 2T\ Gy )

av, av,
a21 = 0—1'0 ; Q2 = a—y; .

The asterisk means that derivatives correspond to
the stationary point zj(z3,43) -

The solution of system (5) may be derived as :

Az = X exp(A7), Ay =Y exp(Ar)

The eigennumber A is determined from the follow-
ing equation :

A? — (a11 + aze) A+ (311022 — aza12) = 0. (7)
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The set of equations (2) describing the dynamics
of a vortex is Hamiltonian one. Similarly [ 17 ], its
Hamiltonian is given by the expression :

cm(R|% ) ®

It is known , that in Hamiltonian systems, the co-
efficient with A (divergence) in eq. (7) is equal
to zero : A = aj; +ap = 0. The sta-
tionary point can be either elliptical or hyper-
bolic. Its type depends on the sign of the Jacobian
J = aj1a22 — a1a12 . Under the condition J > 0
one has the steady stationary point and the vortex
revolving on its stationary point with the charac-

teristic eigen frequency wo = v/aj1a29 — 21012 .

3.2 Standing vortex in a cavity

In connection with development of approach using
the vortex chambers for control of flow, we shall
consider the topology of the flow in a cavity. The
depth of the cavity is supposed to be much larger
than the thickness of boundary layer formed on the
wall. The necessary conformal mapping is carried
out by the following function

14 (z — a)"
(:a07__i+_a_7, 7-_:___ﬂ._ (9)
1 (2@ _
=2)

where 2ag is the chord of the cavity, the angle
B defines the cavity depth ( § < 0 ). All linear
sizes will be divided by half-hord of the cavity ag,
T=T/Uxao .
The equations characterizing the movement of vor-
tex (2) as well as those used for determining the
coordinates and the circulation of standing vortex
are difficult enough. To solve those, the numerical
procedure was used (the fourth-order Runge-Kutta
method in combination with the iteration scheme
for solution of transcendental algebraic equations).
As follows from results of calculations, in a cavity,
there is the vortex which is stationary and satis-
fies the Kutta condition in both sharp edges. It is

Hlzo,yo] =m0 +

Z=2Zg

important peculiarity of the considered flow con-

figuration, which shows that stabilization of vortex
in a cavity may be achieved without additional ad-
mission of energy. The locus of fixed point against
the angle g characterizing the cavity depth is ob-
tained. In each such point, the vortex is stationary
and satisfies the Kutta condition, and its circula-
tion I is shown in Fig. 2 (curve 1).

A linear stability analysis shows that the eigenval-
ues of the system are complex conjugates with zero
real parts. It means, the fixed points of the flow

are centers and if a vortex is located in such point
(it is standing), it will have eigenfrequency wq (Fig.
2, curve 2). To give a complete characterization
of the dynamics of the system, we plot the phase
portrait of the trajectories of the vortex (Fig. 3).
These trajectories are obtained for constant vortex
circulation. There are four types of vortex trajec-
tories delimited by separatrixes and three critical
points. These are the center disposed on cavity axis
and two unstable saddle points near edges. Phase
portrait features will play the important role in
analysis of the dynamic properties and evolution
of standing vortex in the field of perturbations.

3.3 Standing vortices in the wake of a cylin-
der

The stationary flow with two symmetrical vortices
in the wake of circular cylinder is observed exper-
imentally at small Reynolds numbers ( Foppl vor-
tices [ 13, 19 ]). The corresponding theoretical so-
lution is adduced in Miine-Thomson’s monograph |
13 ]. Tt is based on the model of single vortex mov-
ing in ideal incompressible fluid. To define the flow
potential and the velocity of the vortex, the theo-
rem about the circle was used there. The solution
consists the expressions for coordinates and circu-
lation of stationary vortices. The similar results
for parameters of standing vortex were obtained
numerically in the present study. The conformal
transformation (9) was employed. Under the condi-
tion B = /2 it maps the area with half-cylinder
lying on the wall into the upper half-plane. The
curves defining the positions of standing vortices
and the dependence of vortex circulation I'y (Fig.
4) on the radius-vector R coincide accurately with
appropriate analytical solutions. The novelty of the
present research consists in determination of eigen-
frequency wgq of stationary vortices (Fig. 4). Due
to this, the most suitable regimes needed to affect
on the vortices with the help of periodic perturba-
tions of external flow may be found.

3.4 Standing vortices above a wavy surface

Some dynamic properties of standing vortices lo-
cated above a wavy surface will be considered. This
problem initiates the interest in connection with
practical realization some effects of the traveling
wave. Results of simulation are important to ob-
tain detailed understanding of the nature of vortex
stability in wave troughs as well as study the in-
fluence of external perturbation introduced by the
boundary shape on vortices.

The wall profile is a relation in y and =z and is




given by the following equation :

y=In (acos ?-/\E:c+ \/IJ2 — a?sin? gxw-x) (10)

where A is the length of the wave; a, b are the
parameters connected with the wavy amplitude h
by the following relationships :

b=(1+¢e*)/2.

a=(1-¢eM/2,

The flow configuration in physical plane z is the

channel of the width L. One wall of this channel

is given by the equation (10).

The flow area may be reflected into the upper half-

plane by means of two consecutive transformations:
t. e —-m

w=T1r, m=a+bc, n=b+ac
e=2L _ g2 _ p2 [e=20 _ 42 _ p?
€= 2ab t 2ab -1
' et —m
L=hi—rz
.o
C:exp(rw) (12)

The rectilinear flow in physical plane z with the
velocity Uy, corresponds to the source located on
the centre of coordinates of the auxiliary plane (.
Its power is Q = Us L. Thus the complex veloc-
ity potential characterizing the external flow above
the wavy surface is given by :

Bo(C) = '(%f” In¢ (13)

All linear sizes will be divided by wavy amplitude
h, T = T/Uxh ( further the overbar will be
omitted ).

The vortex zo(zo, yo) placed above a flat wall
is known to move in parallel with the wall. The

direction of its movement depends on relationship -

between the freestream velocity Us and the self-
excited velocity I'/4wyo . If the vortex moves above
a wavy surface, its trajectory will be defined by
the value of the vortex circulation T'. Dependences
of circulation T'y and eigenfrequency wo of the
standing vortex in wave trough on wave parameters
and vertical coordinate of the vortex are adduced
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in Fig. 5. To avoid resonant interaction of the

disturbances introduced by a traveling wave with
standing vortex, one has to take into account fre-
quency characteristics of the vortex when selecting
parameters of the wave.

When the system of two vortices moves above a
wavy surface, the resonance another type was dis-

~covered by us. I the length of own oscillating mo-

tion of the vortex pair is like to that of the wave,
the motion become most regular. As a result, the
velocity of vorticity transfer decreases considerably
in comparison with the cases when the pair moves
either above a flat wall or before and beyond the
resonance. This situation is reflected in Fig. 8.
Here curve 1 is the graph of the vorticity transfer

-velocity above a wavy surface, dotted line 2 corre-

sponds to its average value and curve 3 shows the
average value of the velocity when the pair moves
above a flat wall. Because of the hydrodynamic
drag of surface is proportional to velocity of vortic-
ity transfer along the surface, this type of motion is
very interesting. To form a travelling wave, active
control system of pulsed sources may be used that -
enlarges possibilities of flow control.

"4. RESONANT PROPERTIES OF

STANDING VORTICES AND THEIR BE-
HAVIOUR IN PRESENCE OF EXTER-
NAL PERTURBATIONS

Knowledge about the eigen frequency of standing
vortices becomes especially important, when the
external periodic perturbations is present in the
flow. These perturbations can be either artificial,
i.e., be introduced in the flow with the express pur-
pose to control the necessary parameters, or natu-
ral. We shall consider the influence of periodic per-
turbation of the free stream velocity Uy, on dy-
namics of standing vortex located in a cross groove
(cavity) and in the wake of circular cylinder. Let
the free stream velocity is changed according to the
following expression :

akl

. (14)
Here a, Q are the amplitude and the frequency
of the perturbation accordingly. .
To determine the trajectory of vortex, the equa-
tions (2) characterizing the movement of vortex
near the curved boundaries are used. The numer-
ical integration of those is based on fourth—order
Runge-Kutta method. At an initial instance ¢ =10
, the vortex with circulation Ty is supposed to
locate in the stationary point. It means that in un-
perturbed flow, the vortex rotates with the eigen-
frequency wy along the infinitely small trajectory.

U =Us(14+asinQr), U, =const,
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The trajectory of the vortex is changed consider-
ably under the action of the external perturbation
containing the small periodic component. Its char-
acter depends on the frequency of external pertur-
bation . If the value of external frequency is far
from that of the eigenfrequency wgy or her subhar-
monics wg/2, 2w , the vortex will move periodi-
cally on a closed trajectory in the small neighbour-
hood of stationary point. The size of the neigh-
bourhood is proportional to the amplitude of the
perturbation a.

The trajectory of vortex will be highly changed,
if the external frequency  comes nearer to the
eigenfrequency of the vortex wy (or her subhar-
monics). The motion of vortex is characterized by
its deviation from stationary point:

2
)

Rr) = | [ootr) = 23]+ [wolr) - 5]

where 23, y; are the coordinates of stationary
point, zo(7), yo(r) are the coordinates of the vor-
tex at considering time step.
The movement of vortex is multiperiodic one. The
small external perturbation being to generate the
low-frequency oscillations of the vortex with large
amplitudes. This property follows from the nonlin-
ear nature of the equations defining the dynamics
of vortex in near—wall area.
The resonant curves are plotted versus the non-
dimensional frequency of perturbation Q/wy in
Fig. 5. They characterize the dependence of max-
imum deviation of the vortex R4 on the sta-
tionary point. Dependence of the value of reso-
nant peaks on the amplitude of perturbation, dis-
placement of the resonance to more high frequen-
, cies Q/wy>1 as well as availability of secondary
peaks at Q/wy ~ 0.5 and Q/wy ~ 2 are char-
acteristic features of the curves. When the cavity
sizes are reduced, the height of resonant and sub-
resonant peaks as well as the width of resonant zone
increase. Therefore, one may suppose that the vor-
tex becomes less mobile due to growth of the hollow
depth. It means that its reaction on the perturba-
tion fades.
As results of calculations show, the resonant peak
may become infinitely large. In Fig. 6, such tra-
jectory of standing vortex is depicted. In this case,
the vortex goes away from the cavity by the ex-
ternal flow. It means, the vortex crosses the line
separating the trajectories of various types on the
phase portrait.
The similar resonant effects will be observed, if the
standing vortex is located in the wake of a body
(Fig. 7). The dependence Rya,(Q/wo) dealing

with the vortex behind the cylinder is different from
that as the vortex is located in a cavity. In partic-
ular, the main resonance peak shifts to lesser fre-
quencies and gets under the condition Q/wy < 1.
If the frequency of perturbation 2 increases to
wo, the value Ry,q; defining the amplitude of
vortex precession will grow spasmodicly. It means
that we have the nonlinear system with "rigid” ex-
citation. In accordance with presented results, the
stationary vortices in the wakes are less steady to
the external perturbation than those in the inner
flows (for example, in grooves). In particular, the
vortex behind the cylinder reacts considerably on
perturbation which are characterized by very small
amplitudes.

When the system of two vortices moves above a
wavy surface, the resonance another type was dis-
covered by us. If the length of own oscillating mo-
tion of the vortex pair is like to that of the wave,
the motion become most regular. As a result, the
velocity of vorticity transfer decreases considerably
in comparison with the cases when the pair moves
either above a flat wall or before and beyond the
resonance. This situation is reflected in Fig. 8.
Here curve 1 is the graph of the vorticity transfer
velocity above a wavy surface, dotted line 2 corre-
sponds to its average value and curve 3 shows the
average value of the velocity when the pair moves
above a flat wall. Because of the hydrodynamic
drag of surface is proportional to velocity of vortic-
ity transfer along the surface, this type of motion is
very interesting. To form a travelling wave, active
control system of pulsed sources may be used that
enlarges possibilities of flow control.

Summing up, the resonant perturbation of flow in-
tensifies essentially the fluid mixing in near-wall
areas. It changes also the appropriate character-
istics of thermal, acoustic and other hydrophisic

fields.

5. GENERATION OF STANDING VOR-
TEX AT THE BEND OF FLOW AND ITS
INFLUENCE ON DECREASING SEPA-
RATED ZONE SIZES

Use of standing vortices for control of near-wall flow
parameters near angle is considered. In this area,
one has the flow with large positive pressure gradi-
ents and, as a result, global separation of the flow
and formation of vast recirculation zone [ 5, 11, 17].
Theoretical analysis of the flow topology shows that
there are no steady stationary points near angle.
To form those, we propose to change the boundary
shape, disposing the cross cavity (vortex chamber)
at the bend (Fig. 9). Parameters of the standing



vortex (coordinates and circulation) and the shape
of the cavity (angles @, £ and center of circle)
are determined from the condition of stationarity
(3) and two Kutta conditions satisfied at the sharp
edges. The last does not allow generation of vor-
ticity at the edges. As results of calculations show,
this problem has the solution with broad diapason
of cavity parameters. Dependence of the angle 8
characterizing opening the cavity on angle a is lin-
ear. The circulation 'y and eigenfrequency wg of
the standing vortex versus angle o are plotted in
Fig. 10.

The present research allows to evaluate the
strength of recirculation zone in the vortex cham-
- ber, which should prevent the global separation of
the flow at boundary bend. Calculations with using
the discrete vortex method show that the vortex
generated in the chamber has the lesser strength
than I'y; demands. As a result, the separation zone
near the boundary bend does not disappear com-
pletely, but its sizes are reduced considerably. Non-
separation flow at the bend can be provided if the
vortex having the necessary circulation and coor-
dinates is created specially in the chamber. The
passive schemes, when energy is extracted from the
external flow can be'used (for example, wings). To
reach the necessary strength of the vortex, the ac-
tive schemes with admission of energy are effective
also.

6. STANDING VORTEX IN THE SYS-
TEM BODY-CONTROL PLATE

Experimental researches show [ 5, 14 ] that mount-
ing control plate either before or beyond a bluff
body reduces considerably the drag such system.
Selection of geometrical parameters (the height of
plate, the distance between the plate and the body)
and the shape of plate is very important when
working the systems. The present model confirms
that improvement of hydrodynamic characteristics
is achieved due to generation of standing vortex
between the control plate and the body and allows
to state the value of the system parameters. The
standing vortex satisfying the Kutta condition in
both the plate end and the body edge were found
and its parameters (coordinates, circulation, eigen-
frequencies) were obtained. Existence such vor-
tices results in reducing the vortex shedding inten-
sity near body edges. The total drag of the body
plus plate is decreased relative to the configura-
tion without plate [5, 14]). Flow patterns with the
standing vortex between two plates and in the sys-
tem control plate-body are plotted in Figs. 11,12.
Analysis of eigenfrequencies and resonant proper-
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ties of the standing vortices explaines the high sen-
sivity of this system to turbulent pulsations of ex-
ternal flow and shows the ways how to improve the
vitality of the vortices.

7. ACTIVE CONTROL OF VORTEX
STRUCTURES IN NEAR-WALL FLOWS

Control of near-wall flow with admission of energy
(for example, blowing and suction of fluid) allows
to change topology of flow. In the work [ 6 ] it
has been showed that there is the steady standing
vortex providing the Kutta condition at the edge
of flat plate, if the special source is mounted in the
flow. We obtained analogous results for standing
vortex near the angle (bend of the flow boundary).
It must be noted such schemes demand large energy
costs for suction or blowing of fluid.

The lesser energy expeditures are needed in active
control schemes, when the stationary vortex exists
in the flow but it is unstable, for example saddle or
unstable foci. Such flow cannot be realized owing to
its instability. This situation is changed with using
active control scheme with feedback. We shall con-
sider the work such system, when unstable vortex
i8 located above a flat surface. The system consists
of two pulsed sources and sensing element ensur-
ing shadowing the vortex. The power of source is
changed in proportion to deviation of the vortex
from its stationary position. The type of the sta-
tionary point is changed, it becomes the steady foci.
It is- important that the vortex has the character-
istic eigenfrequency. As a result, the efficiency of
this control system depends on frequency charac-
teristics of perturbations in near-wall flow. Calcu-
lations show that accidental deviation of the vor-
tex from its stationary point is suppressed quickly
at high frequency of external perturbations, on the
contrary, at low frequency of perturbations the vor-
tex deviation can be increased.

8. CONCLUSIONS

Control of near-wall flow vortical structure will be
effective, if it takes into account topology proper-
ties of the flow: type of critical points, existence
of steady standing vortices, correlation between
the eigenfrequency of the vortex system and spec-
tral properties of external perturbations. Pertur-
bations with frequencies which are similar to eigen-
frequency of the vortex system lead to considerable
change of the flow pattern. Obtained results show
ways for improvement of hydrodynamic character-
istic of devices through organization in near-wall
flow large vortical structures with special proper-
ties.
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Fig. 1. Generation of the vortical structures in the flow behind
cavity (a-€) and vorticity center precession in the cavity (f)
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Fig. 2. Circulation I’y and eigenfrequency
w, of the standing vortex in a cavity
versus angle S characrerizing the cavity depth

L @
/
B 3

0 " L " " 2 0

Fig. 4. Dependence of circulation I (curve 1)
and eigenfrequency @, (curve 2) of standing
vortex in the wake of cylinder against its locus
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Fig. 5. Resonant curves characterising the
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Fig. 3. Phase portrait of vortex
trajectories in a cavity
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Fig. 6. Trajectory of the standing vortex

behind a cavity at flow resonant
perturbations
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Fig. 9. Flow pattern near bend of the
boundary with vortex chamber
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A Simple Model for the Aero-Hydrodynamics of Ekranoplans
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SUMMARY

The problem of a wing—shaped body moving close to the air—
water interface is addressed in term of an inviscid-rotational
model in which the aecrodynamic problem is coupled to the
water flow by means of suitable interface conditions. A nu-
merical procedure to solve the nonlinear unsteady problem
is described. Numerical examples are given for some lin-
earized cases. In particular the steady flow generated by a
flat plate at incidence in forward motion over calm water is
studied at first. The linearized wave-wing interaction is then
analized in the frequency domain.

List of symbols
A amplitude of incident wave
AR aspect ratio
akj added mass coefficients
bj damping coefficients
c characteristich chord length
Cp, Cy  drag and lift coefficients
g gravity acceleration
G free space Green function
h clearence
Ue stream velocity
w interface velocity
T vector position in the moving frame
Xy exciting force
a angle of attack
v vorticity strength
n dipole strength
Pl air (I=1) and water (I=2) density
o source strength
w1 air (1=1) and water (1=2) perturbation potential
1,5 air (I=1) and water (1=2) radiation potentials
1,0 air (I1=1) and water (1=2) incident potential
P17 air (I1=1) and water (1=2) scattering potential
wo * frequency of incident wave
w, k frequency of encounter and wave number vector
Q air (I=1) and water (1=2) domain
Ng wing
o0y mean wing position
Nrr interface
Nw wake

1. Introduction

In order to make medium range sea-transportation compet-
itive with respect to other means, a continously increasing
effort is devoted to the development of high speed marine
vehicles.

Among these, the russian ‘ekranoplan’ concept, a vehicle de-
signed to operate in close proximity of underlying surface,
has been recently recovered and proposed as ‘Wing in Sur-
face Effect Ships’ (WISES) (see [1] for a discussion of the
basic concepts and a hystoric perspective).

As the air-water density ratio is very small, the usual as-
sumption in describing WISES-fluid dynamics is to neglect
completely the free surface deformation and to consider the
behaviour of the vehicle in ground effect. A deep analysis of
these flow conditions can be found in {2] and in the literature
cited therein. In particular, it is evidenced the strong three—

dimensional character of the aerodynamic field and the dra-
matic role of endplates in determining the efficiency of the
entire lifting system. More specifically, the lift-to—induced
drag ratio increases as the clearance h decreases and it has
been consistently pointed out in [3] that the new WISES gen-
eration will be characterized by an extremely reduced clear-
ance with respect to the chord ¢ of the main lifting device
and a range h/c ~ 0.05 — 0.1 has been suggested. In these
flow—conditions the aerodynamic field and the wavy motion
of the free surface are more strongly coupled and possible
interactions with incoming waves could significantly alter
the dynamic behaviour of the vehicle. In this case the rel-
evant mathematical approaches are closely related to those
considered for studying the wave propagation along sharp
density interface. In the case of ship hydrodynamics a thor-
ough analysis of ship generated internal waves can be found
in [4],[5] and, even more related to the problem at hand, in
[6] where the two—dimensional steady flow generated by a
flat plate beneath an interface is discussed.

In this paper, we discuss a model to study the three-
dimensional air-water flowfields generated by a lifting body
when running in close proximity of the interface. Some
physical assumptions are introduced. In particular, by as-
suming to deal with wing—shaped body and high Reynolds
number attached flows, an inviscid—rotational model can be
adopted to described the ‘acrodynamic’ part of the problem.
Namely the viscous diffusion is neglected, the vortical re-
gions are modelled by means of zero thickness vortex layers
shed from the tips and the trailing edge of the wing, and a ve-
locity potential exists almost everywhere. Also the effect of
air—compressibility is neglected. The non-uniform pressure
field created by the wing generates, or alters, the underly-
ing wave field and, indeed, the motion of the air is coupled
to that of the water. In describing the interface motion, vis-
cous effects (i.e. the boundary layer on the two sides of the
interface) are neglected and a velocity potential in the water—
domain can be also introduced. Boundary conditions at the
interface are deduced, which link the potentials existing in
the two fluid domains.

On this physical ground, in §2. a mathematical model is in-
troduced for dealing with the general unsteady case. The
resulting problem is clearly highly nonlinear because of the
free and moving boundaries (the interface, the wake and the
wing surface). An iterative procedure to solve numerically
the two coupled aerodynamic and hydrodynanuc flowfields
is described.

In order to gain confidence with physical and numerical as-
pects of the problem at hand, we limit ourself to solve some
linearized cases (cfr. §3.). Namely the steady flow gener-
ated by a wing running above an initially calm interface is
firstly considered. And, secondly, the interaction of the lift-
ing device with an incoming wave systems is analyzed in the
frequency domain, i.e. by assuming the time-dependance of
the solution to be harmonic. For these problems, the solution
can be easily identified as the problem of a wing on a porous
soil coupled to the special free surface flows for which the
Fourier-integral representation of the solution exists. As a
result the numerical solution is greatly simplified. Although
we developed the present theory indipendently, the use of
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the Fourier representation of the steady solution for solving
the complete (linearized) problem is apparently anticipated
in [2].

Some consideration about the properties of the solution (see
also the two—dimensional theory in [7]) can be inferred start-
ing from the properties of the two separate problems. This
issue and the numerical aspects concerning the solution of
the unsteady nonlinear problem are under development and
will be reported elsewhere.

2. Problem definition

In the following, we define the initial value problem describ-
ing the flow about a wing—shaped body 92z moving close
to an interface 07 which separates two inviscid incom-
pressible fluids with densities py (upper fluid) and p2 > p;.
A frame of reference fixed with respect to an observer mov-
ing with the mean velocity —Uoo of the wing is adopted. We
introduce the potentials ¢;, ¢4 harmonic in the correspond-
ing domains,

Vip; =0 YPeEQ;, 6))
such that u; = U + Vy; are the fluid velocities in the
upper, ¢ = 1, and lower, ¢ = 2, domains, respectively.

Interface boundary conditions The interface is defined
by the kinematic property that the fluids do not cross it.
Hence the displacement velocity wy of the interface points
P € 9Q1 5 equals the normal velocity of the fluid on the two
adiacent sides, namely w - n == u; - n = ug - n. Moreover,
when viscous and surface tension effects are neglected, the
local momentum balance requires the continuity of the pres-
sure p across the interface. From the above kinematic and
dynamic conditions, it is possible to deduce different sets of
(equivalent) evolution equations for 3Qz r. In particular, by
choosing the velocity of the points P € 0z as

1 1

the geometric evolution of the interface is obtained by fol-
lowing the motion of its geometric points. Moreover, once
the pressure on the two sides of Q2 r is expressed by means
of the Bernoulli equation, from the dynamic condition it is
possible to relate the evolution of the two potentials ¢; at
the interface. Eventually, the kinematics and the dynamics
of the interface can be described by means of

 DzyP 1
P~ = 3w + u2)
D 1 D
Diger = gy 22220 r)
{ . P2 (3)
1 Vi1 - Vo
+ {(Pl p2) 3
u +Uc - [p1 Vi1 — p2Vi2] }
where the total derivative
Dz _ 0 )
Dt = 5 +w- -V (0)]

following the interface points has been introduced.

Body and wake boundary conditions On the wing
boundary 0Q0g the standard impermeability constraint ap-
plies 5
¥1
Bn &)
Moreover, as for the case of the interface model, it is expedi-
ent to describe the evolution of the wake in terms of particle
evolution equations. This can be accomplished by exploit-
ing the mass and momentum conservation which require the
continuity both of the normal velocity component and of the
pressure across 3y, [8]. In particular, once the velocity v
of the wake points is defined as the mean value § (u] + u]’)
of the fluid velocity on the two sides ‘+’ and ‘-’ of 8Qyy,
the kinematic and dynamic evolution of the wake is ruled by

=-Ux'n VP € Qg .

Dy P 1 -
;:)vt - = 5(“?"‘"1)
) )
Dwlpr _ 4
Dt

where %ﬂth = ;% + v -V and the constancy of the potential
jump Ay = <piF —p; follows from the Bernoulli equation
when written on the two sides of the wake.

An iterative method of solution The flow about a wing
close to an interface can be described as two problems for the
Laplace equation coupled via the interface conditions (3).
The potential ¢; in the fluid surrounding the wing must also
satisfy the body boundary condition (5) and the wake equa-
tions (6). A procedure is now described to solve the unsteady
nonlinear problem. Suppose that for ¢t = ¢q the interface and -
wake geometries are known, as well as the distribution of
Ay on 9Qyy. Then

1. starting from the known boundary data %’:T“ on the
interface and %%L on the body we can solve the prob-

lem
Vip, = 0 VPeM
91 _
an = 0 VP € 0Qp
¢y _
On = g9 VP € 00z r

where the Neuman boundary condition at the inter-
face follows from the kinematic condition u; - n =
ug - 1t discussed above.

2. Once the field o; is known at the interface, the right
hand side of the dynamic equations in (3) can be eval-
uated and stepwise integrated to obtain a new guess
for the boundary data s on 9Qz r.

3. The problem

Vigs = 0 VPey

P2 = f VP € 0QzF

in the lower domain is then solved, and a new distri-
bution of %£2 on 80z can be evaluated.

4. Steps 1-3 are repeated until convergence is reached,
after that

5. The geometry of the interface and the wake are up-
: dated in time.



6. Go to step 1 for a new time—step.

When dealing with free boundary flows, it is expedient to
recast the problem in term of boundary integral equations;
this can be accomplished both for free surface problems
[9] and for the inviscid-rotational aerodynamics [10]. On
this ground, the two boundary value problems (step 1 and 3
above) can be solved by introducing suitable integral repre-
sentations for the potentials ;. It is to be stressed that the
presence of moving boundaries, Q7 and 8Qyy and Q g,
gives to the problem a strong nonlinear character which, in
turn, implies a huge computational effort to solve the rele-
vant boundary integral equations at each time step. In the
present paper, we have decided to solve some linearized
test cases to preliminary verify the effectiveness of the pro-
posed iterative procedure and to gain some confidence with
the physical problem. Therefore, in the following sections
the nonlinear problem is simplified by assuming small wave

heights and by transfering the interface boundary conditions

on the z = 0 plane. This allows for solving the two boundary
value problems once and for all.

2.1 The linearized steady problem

The fully nonlinear problem can be simplified by following a
standard procedure and assuming steady flow conditions. In
this case, the flow is described by the aerodynamic problem

( V2o =0 VP e

901 _ _yoom VP € 805
J an

Wake & Kutta Conditions
0y i
== = == v Q

\ On on Pedyr

coupled to the hydrodynamic one

Vigpy = 0 VP € Q
8% o, 8
e
p o2 o g dp1 VP € 90z r
p2 | 922 " UZ 0z

It is interesting to note that the first boundary value problem
describes the flow of a wing moving close to a porous soil
with flux %%3. The motion of the body alters the pressure
distribution acting on the interface and, in fact, the hydro-
dynamic problem can be seen as the linearized steady wave
resistance problem of a pressure disturbance advancing with
velocity —U « on a free surface. For this problem, a Fourier-
Stjeltes representation of the solution is given, for example,
in [11]. Therefore, only the aerodynamic problem has to
be solved numerically and the iterative procedure is greatly
simplified. More specifically, once a tentative solution for
1 is known, the right hand side of the Neumann—Kelvin
condition can be computed and a new guess ¢ is explicitely
evaluated. In a refined scheme, an iterative procedure for
taking into account the nonlinearities due to the wake is eas-
ily introduced (see for example [12], [13] for details). The
convergence of the whole procedure is usually obtained in
few iterations and some sample results are given below.
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2.2 The linearized time-harmonic problem

Here we introduce the governing equations for the case when
the wing is free to oscillate under the exciting action of an in-
cident regular wave with frequency wo and amplitude A. The
problem is linearized under the hypothesis of small wave
amplitude and small body motions. Further, neglecting the
initial transient, a time harmonic dependance of the solution
is assumed. Hence the total potentials in the two flow do-
mains (I = 1, 2) can be expressed in the form

6
wi(P,t) = RS ' “HA(py, +w1,) + Zﬁj e1;]
i=1

where @y, is the potential of the incident wave and ¢, is the
scattering potential generated when the wing is restrained to
move. In the absence of incident wave, {;¢;; is the radia-
tion potential due to the body oscillation in the j—th degree
of freedom with amplitude £;. So far, it is possible to define
a radiation problem

([ V%1, = 0 VP e
8y,
T‘,‘:L = iwnj +m;j VP € 0fdg
4
Wake & Kutta Conditions
01, Ay,
( Vzgpzj =0 VP ey
{ ((w+Uso-V)po;, +
VP € 002
82, IF
| 95 = l’:—;N'Cw(wx,-)

where j is equal 1...6, and a diffraction problem

( Vi, = 0 YPeM
a1, — _a‘Plo

) an - T on VP € 09p
Wake & Kutta Conditions
31, 32, '
hh 2 S £} 3 Q

\ On an VP € 0Qz5
Vipy, = 0 VP ey
(iw+Uoo - V)02, +

VP € Q1Fx

8
9"5—7"0: = %N’Cw(ﬂah)
where

oo = FhgheFRzdRe, 1o,y

= w (p2—p
Ikl = 9 (P1+P2)

is the potential of the incident interfacial wave and VK, :=
(iw+Uoo V)2 + 93&7- In the radiation problem the gener-
alized n; components and the celebrated m; are introduced
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following [14]. Each one of the above problems can be seen
as an aerodynamic problem coupled to a hydrodynamic one
in which the wavy motion of the free surface is forced by
an oscillating pressure disturbance acting on 8Qz . Also
in this case, a Fourier representation of the solution of the
hydrodynamic problem [11] can be used in the iterative so-
lution of the problem, thus significantly reducing the com-
putational effort.

3. Numerical results
3.1 Integral representation of the solution
The velocity potential in the upper domain is represented as

o1 = / 0GdS + / oGS + / w2%4s 1)
05 0y a0y I7

that is as a sum of simple layer potentials generated by a
source distribution on Qg UJSz r and a dipole sheet which
mimics the rotational wake d€yy. In solving the aerody-
namic problem the velocity field

V/ ocGdS + V/ oGdS
895 891‘}'

+ Vx/ ¥GdS
0y

is also required. In particular, in (8) the velocity induced by
the wake is re-expressed in the form of a Biot—Savart integral
which enables the use of a simple vortex-lattice technique
[10] for discretizing the wake. A standard zero—order panel
method [15] has been employed for the source integrals.

In the framework of the described iterative solution, for-
mulas (7,8) are used to solve the aerodynamic problem in
term of boundary integral equations. Namely, a first inte-
gral equation is obtained by taking the normal projection of
(8) written for the points belonging to the wing, where the
normal velocity component is known from the impermeabil-
ity constraint. A second integral equation is obtained for
P € 0Qz 5, where %3% is given.

For the linearized problems discussed in the following, the
system of algebraic equations obtained by discretizing the
integral equations are solved once and for all at the begin-
ning of the iterative procedure. In the computations a typi-
cal number of panels per wavelength is 80, the wing is usu-
ally discretized by a network of 12x6 panels and simme-
try with respect to the stream direction is enforced. Usu-
ally the discretized free surface in the streamwise direction
is of the order of the wavelength, while the lateral extension
is of several chord-lengths. Typical computational domains
can be qualitatively appreciated in the wave—pattern contours
shown below.

V<p1 =
®)

3.2 The linearized steady problem

In the following we discuss some results concerning the flow
generated by a flat plate at incidence o flying at an altitude
h above the undisturbed mean water level 2 = 0. In all
the cases presented below a unity span—to—chord ratio of the
wing is considered. The vortex shedding is modeled both
from the trailing edge and from the tips. No attempt to model
more effective lifting devices (tapered swept back wing, end-
plates or canard configurations) is discussed, and this type of
analysis is left to a future activity.

As a first problem we consider the case of forward motion
with constant velocity over initially calm water.

The wave patter generated for Fr = Uso/,/gc = 5. can
be seen in figure 2, where the wing planform is also indi-
cated by the thin square for a better understanding. As it can
be expected, the wave system is highly swept back; along
the x—axis, just past the wing, a narrow depression can be
detected which is accompained, on the two sides, by two
larger humps. Starting from the central depression, the water
level rises gently forming a V-shaped pattern which is down-
stream followed by a positive wave elevation. Although a
relatively small portion of the entire flowfield is contained in
the computational domain, some convergence tests (not re-
ported) obtained by increasing the domain length ensure that
both the wave pattern and the forces acting on the plate are
well converged.

The latter are discussud by considering the figures 3-4. The
first one shows the effect of varying the clearance h/c on the
lift C, and on the drag Cp coefficients for different angles
of attack a of the flat plate. In particular, as h/c decreases
the lift increases as well as the drag coefficient does. Ac-
tually the efficiency of the wing (lift to drag ratio) does not
increases significantly: this is consistent with the analysis in
[2], where it is shown that only the inclusion of endplates
significantly enhances the performances.

Morever, at least within the context of the present linearized
analysis, the free surface effects appears to be negligeable.
The figure 4, in fact, shows that the aerodynamic forces act-
ing on the plate in ground effect (dashed lines) are undistin-
guisheable from the ones obtained by including the effect of
the free surface (symbols).

3.3 The linearized time-harmonic problem

For obvious safety reasons, the seakeeping performances of
a marine vehicles is of main concern. Although we cannot
discuss the dynamic behaviour of a WISES (a more realis-
tic arragement of lifting surfaces should be considered), it
seems of some interest to analyze the influence of incoming
waves on the aerodynamic loading, which in turn is relevant
for the design of control system. According to what dis-
cussed in §2.2, the problem is linearized by assuming small
motions and it is assumed that the phenomenon has reached
a steady harmonic regime. In this case the forced motion of
a wing running over a calm water can be studied separately
from problem of the interaction of incoming waves with a
wing in steady forward motion.

We consider the case of a flat plate running at a mean alti-
tude h/c. = 0.15, with nondimensional velocity Fr = 5.0.
For simplicity, a zero mean angle of attack is assumed and
only the motion in head sea is considered.

" Figure 5 shows the wave patterns. More precisely in the up-

per and center plots the wave systems as generated during
heave and pitch oscillations is reported, while in the third
plot the scattering wave system, that is the contribution to
the wave heigth related to ;. , is shown.

The corresponding aerodynamic loads are described in the
following figures. In particular, as it is customary in naval
hydrodyamics, the load due to the forced motions of the
wing is expressed in term of its real and imaginary parts

akj=—p—1§R{/ [iw+Uoo',V]‘Pjnde}
80—

B

”—19{/ [iw + Uoo-V]tpjnde}
w a0

B

bkj =

where k,j = 1...6, that is by means of the added mass and



the damping coefficients. For the considered Froude num-
ber, the behaviour of the force coefficients when varying the
_frequency of oscillation is shown in figure 6.

Finally, the amplitude and the phase of the exciting force

Xy = _PIA/ [iw + U - V](go + ¢7) ni dS
a0

induced in the two considered degrees of freedom (k = 3, 5)
are plotted in figure 7.

4. Conclusions

In this paper a mathematical model to describe the unsteady
flow about a wing moving in proximity of the air-water in-
terface is presented. When viscous effects in water and air
are neglected, as well as the air compressibility, velocity po-
tentials in the two fluid can be introduced. In the general
case, the flow is described in term of two initial boundary
value problems for the Laplace equation coupled through the
conditions at the interface. An interative provedure to solve
the resulting nonlinear problem is proposed.

Preliminary numerical results are given for some simplyfied
special cases. The steady flow generated by a flat plate run-
ning over initially calm water is studied at first. Results for
moderately high Froude numbers show the limited role of
free surface in affecting the aerodynamic forces which, ulti-
mately, coincide with those predicted by considering a pure
ground effect. The results qualitatively agree with previ-
ously developed analysis.

The interaction of the wing with a system of regular waves
is then addressed by assuming a time harmonic behaviour
of the solution for the linearized problem. Wave patterns
and force coefficients are presented but, to our knowledge,
reference results are not available. On this very preliminary
ground, a marginal role of wave effects seems to emerge also
in this case.

An obvious explanation is in the small radiation properties
of a wing at high speed. It is also to be stressed that only
linearized problems have been presently solved and signif-
icant nonlinear corrections could appear when considering
the fully nonlinear problem. In particular, during transient
regimes, very small clearances and relatively reduced speeds
could be possible and a fully nonlinear analysis, presently
under development, is of concern.
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Figure 1: Sketch of the problem and of the relevant nomenclature

Figure 2: Wave pattern generated by a flat plate in steady forward motion. AR = 1.0, Fr = 5.0, h/c = 0.15 and
a = 5 degrees
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Figure 3: Lift and drag coefficients for a flat plate (AR=1) in steady forward motion (F'r = 0.5): effect of the incidence

« and of the distance h/c from the water surface.
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Figure 4: Comparison of lift and drag coefficients for a flat plate (AR=1) in steady forward motion (F'r = 0.5, a = 5)

in surface effect (symbols) and in ground effect (dashed lines).
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Figure 5: Wave pattern generated by a flat plate, AR = 1, in heave motion (top figure) in pitch motion (center plot)
and scattering wave pattern (bottom figure) in head waves, wo/+/g/c = 0.547 (Fr = 5.0, h/c = 0.15).
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frequency w.
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ABOUT MOVEMENT OF A WING ABOVE
WAVY SURFACE OF WATER

V.G. Belynsky

Institute of a Hydromechanics
8/4 Zheliabov Street, Kiev, 252057 Ukraine

SUMMARY

In work the outcomes of an experimental
research hydrodynamical characteristics of
a wing driven above wavy screen are
represented the description of experimental
installation and techniques of realization of
experiment is given. The instantaneous
significances of a lift coefficient for wings of
the rectangular form in the plan, various
elongations driven with various angies of
attack on various distances from a flat
screen and a screen, consisting of waves of
sinusoidal structure of various length and
height, are determined. The dependence of
a lift coefficient of a wing form Strouhal
number for movement above a wave screen
is established. Is shown, that there is
additional, not known earlier, a gain of lift of
a wing stipulated by the wavy form of a
surface of water. The efficiency of a flap
near to a screen is appreciated.

LIST of SYMBOLS

C, - lift coefficient of wing

C,B - lift coefficient of wing with flap

K - coefficient of hydrodynamic quality

b - chord of wing

¢ - span of wing

A - elongation of wing

® - angle of attack of wing in degrees

B - angle of deviation of flap in degrees

Vv - velocity of wing

h - distance from trailing edge of wing
up to screen

Av - wavelength of wave screen

H, - height of wave of wavy screen

( - circular frequency of wave of screen
P * strouhal number

(p - phase angle of wave of screen

a, u b, - coefficients of Fourier series
&, - efficiency of flap on lift

1. INTRODUCTION

Per the last decades the interest to creation
of large transport ships engaging an
intermediate position between airplanes. and
high-speed ships, driven above surface of
water, was worldwide exhibited. It, so-called,
“wing-in-surface effect craft” (ekranoplane) ,
intended for movement with a large velocity
in air medium in immediate proximity from a
water surface and using positive influence
of this proximity to lift of the bearing
surfaces. The plenty theoretical and
experimental researches devoted
development of various aspects of creation
ekranoplanes was lately conducted.
Numerous experimental samples
ekranoplanes also were created, which tests
in full-scale conditions have confirmed, in
general, determined viability of idea of
creation of such means of transport.

Broad application in practice all of them
have not received yet, the interest to their
creation periodically is exhibited again and
again. The good review of work& on this
problem is contained in work& [1,2]. In the
present work the experimental outcomes
relating the least investigated part a
problems - to definitionof influence of
performances of disturbance of a water
surface (of a wave screen) are represented,
above which js gone ekranoplane, on
aerocdynamic performances it of bearing
surfaces - wings. One experimental work on
movement of a wing above a wave screen
[3] is known only to us. However, in this
work one special case of movement of a
wing above waves only one length and
height is investigated only, that has not
allowed to receive informations about
influence of rather broad spectrum of
performances of a wave screen on
hydrodynamic characteristics of a wing,
driven above a him. In the given work this
defect in some measure is filled.

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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2. TECHNIQUE of EXPEREMENT

Experimentally aerodynamic characteristics
of a wing near to a screen are usually
investigated in aerodynamic tunnels in
conditions of conversion movement, when a
fixed wing meet a stream of air. Such
condition of experiment stipulate the certain
violation of boundary conditions in relation
to horizontal velocities on a screen, that
results in appropriate errors.

The violation of boundary conditions has an
effect for a surface of a screen especially
for want of movement of a wing on small
distance from a flat screen and for want of
movement above a wave screen, that
represents the special interest in the present
work. The given research was conducted in
conditions of direct movement, when the
wing moved above a fixed screen in a fixed
medium, that has allowed to execute
boundary conditions on a screen and has
supplied a rather low degree of a turbulence
filling on a wing of & stream. Besides the
movement of a wing in an air medium was
replaced by movement of a wing in a water
medium, and liquid flat or wave screen,
above which is gone full-scaie ekranoplane
is replaced in experiment by a rigid flat and
wave screen. By other words, was applied
hydrodynamic method of a research of
problems of aerodynamics [4]. A
replacement of an air medium in experiment
by a water mediurn is possible, as in
conditions of the given research the effects
of a compressibility can be neglected.

Such replacement is expedient, as allows in
experiments to receive rather large forces
which are being a subject to a
measurement, that increases an exactitude
of measurements, and to reach rather large
Reynold's numbers( order 2 10°% for want
of rather small velocities of towage of wings
(order 5 + 6 m/cek). The replacement of a
liquid screen rigid is in this case possible, as
tests of wings be ordered for want of large
Froude numbers (order 4,0), which for want
of perturbations called by movement of a
wing, the surfaces of a screen on
considerable a distance behind a wing reach
and outcomes of experiment do not
influence.

3. EXPERIMENTAL INSTALLATION

g
- L

) Ot

Fig. 1

The experimental installation (Fig. 1} consist
from hydrodynamic channel suffices large
length (140,0 m), which at the bottom was
builded a underwater rigid screen consisting
of two plots flat and five plots of the wavy
form. The wavy plots consist of separate
groups. of sinusoidal waves of various length
and height. The wave plots were located so,
that the crests of all waves were oriented
perpendicularly axeses of the channel and
were at one horizontal level. Before wavy
screen at a level of centerline of the first
group of waves located the first flat screen,
and in an extremity of a wave screen at a
level of crests of waves the second flat
screen was located. Above the channel
moved the towing carriage supplied with a
vertical hydrodynamic knife of variable
height, with the tested wing fastened to his
extremity. A screen and wing placed in the
channel on sufficient depth so, that the
influence of a free surface of water was
excluded. All tested wings were of the
rectangular form in the plan and had an
identical structure with a relative thickness 6

% and chord b = 250 mm. The wings of
various elongations were tested A = £/ b
from A =0,5upto A = 5,0, where /
span of wing. Length of flat plots of a
screen made 24 b, and length of waves of
a wave screen A, was changed in limits
from A, =20 D upto A, = b . Height of
waves of a screen H; on different wave
plots was equal from Hj = A, /20



for rather long waves up to Hy = A, for
rather short waves. The position of a wing
concerning a screen was characterized

relative distance h- = h /b, where h -
distance from a back edge of a wing up to a
screen. Thus, the constructed screen,
which general length 70 M, represented a
peculiar polygon, on which, driven above a
him from a constant velocity and at given
height, the wing runing by the towing
carriage passed sequentially above two flat
plots located at different height, and above
a number of groups of waves, each of which
had distinct from other characteristics.
Besides for each want of the towing carriage
on plots of the channel before a screen and
after it the wing moved actually in conditions
of a boundless liquid, that allowed
effectively to inspect outcomes of
experiment. For want of passing of a wing
above a wave screen the range of Strouhal
numbers was enveioped

P*=€0'b=2n'b
v

= 0,314 - 6,28

Where @ - circular frequency of waves of a

screen, 'V - a velocity of a wing. For want of

tests the instantaneous significances of a
body force of a wing, resistance and
longitudinal moment of a wing concerning it
of a leading edge were measured. The
results were represented as appropriaie

dimensionless coefficients C,, C ,, C in
the standard form.

E

aor
3
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4. TEST of WINGS ABOVE
SCREEN

FLAT

In the given work are represented in main
results for a wing above a wave screen.
However, first two Figures concem to
movement of a wing above a flat screen.
First from them (Fig. 2) gives general
submission about obtained results as the

settlement diagram * K - C, " for a wing
with lengthening(elongation) A = 3, driven

above a flat screen. The diagram is
constructed in coordinates

K
K«

C,-2% K-

¥y Cy -
Where C}.E and Cy w - accordingly lift
coefficients near to a screen on distance h

and in a boundtess liquid; K « and K3 -
accordingly factors of hydrodynamic quality
in a boundless liquid and near to a screen
on distance h. On the diagram a series of a
curve constant of significances relative

distance from a screen h = const (solid
lines) and series of a curve constant of
significances of angles of attack of a wing

® = const (dashed lines) is put. Under this
diagram on known significances C,- w And

K it is possible to determine C, 7 and K5
for the tested wing (precisely) and for a
wing, close on the form, that elongation

(approximately) for specific significances h
and ® .
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The similar diagrams are constructed for
wings of other elongations from A = 0,5 up

to A = 5,0, however in this work they are not
represented. On the other graph relating to

flat screen (Fig. 3), are put curve Cy = C},El

C, « depending on elongation of a wing A
for a constant of significances relative
distance from a screen h for want of fixed
angle of attack. This graph contains that
interesting result, that for want_on small

distance from a screen (h < 0,2
magnitudes C, has the maxima between
significances A=2and A = 3. Therefore,

from the point of view of the greatest lift
perspective for application on ekranoplanes

the wings with elongations A = 2 + 3 are.

Taking into account this circumstance, the
main information content about movement
of a wing above a wavescreen in the
present work was obtained for wings with

elongation A = 2 and A = 3. The wings with

other elongations within the limits of A=05

+ 5,0 above a wave screen alsc were
tested, but under the reduced program.

5. TEST of WINGS ABOVE a WAWY
SCREEN

5.1 For want of consideration of results of
experiments about movement of a wing
above a wave screen the main attention in
this work is given to a lift coefficient of a
wing, as by major it to performance. The
datas on drag coefficients and longitudinal
moment here are not considered. Some
submission about them can be received
from work& [5,6,7].

Fig. 4

On Fig. 4 the typical fragments of an
oscillogram of a continuous entry in time of
lift originating on a wing, driven on small

distance above crests of waves of various
length are represented. Appropriate plots of
a wave screen are represented below. Each
point curve on an oscillogram meets to
instantaneous significance of lift in that
moment, when the leading edge of a wing is
above a point, appropriate on a vertical, of a
wave screen. The analysis of oscillograms
shows, that the sinusocidal form of a wave
screen is answered with a unsinusoidal
character of a time history of lift of a wing.
The maximas of a curve of lift occur earlier,
than the leading edge of a wing will pass
above a peak level of a crest of a wave, and
curves of lift are nonsymmetric conceming
verticals which are taking place through
their maximas. And, the left branch of a
curve appropriate to an approximation of a
wing to a crest of a wave, is more full on a
comparison with the right branch
appropriate to deleting of a wing from a
crest of a wave. The marked regularities are
fair in all cases, when the chord of a wing is
less than a wavelength of a screen.

e\

09

09

Fig. 5

5.2 All curves, obtained in experiment, of
instantaneous significances of lift in a
dimensionless kind were subjected to a
Fourier analysis with selection average for
period of significance of a lift coefficient and
coefficients for first six harmonic of Fourier
serieses

Cy((p)z%"_ + Zak CosKo +
5 X=1
+2.b Sink o

a.

Where: (p - phase angle of a curve lift, 2 -
average for period significance of coefficient



C,. C, and by - coefficients of a Fourier
series, which were determined under the
Bessel formulas for an approximate Fourier
analysis

. In a fig. 5 the curves of instantaneous
significances of a lift coefficient for a wing

with elongation A = 3, driven above a wave
screen with an angle of attack ® = 7 ~ for

want of to wavelength of a screen A, = 6:b

are represented, for an example. The
curves are constructed for various distance
from crests of waves depending on a phase

angle (p for want of passing by a wing of a

path from one crest (¢ = 0) up to other (¢
=%i2). In a fig. 6 the results of a Fourier
analysis of these curve are represented, on
which under the above indicated formula the

curve of instantaneous significances C, for
anyone distance from a screen, only for

datas of significances A, ® and A, can be
restored.

%
2 \\
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05 03¢
' 3
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a; e
0,'0 \\\ ’1'—\
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Qo2 gos a4 35 40 9oz 005 0! 0s 4P
Fig. 6
5.3. We shall consider some features

describing lift of a wing above a wave
screen. In a fig. 7

the dependence is_representedrelative lift |

coefficient C,5= 2% from relative

y ©
distance up to crests of waves for a wing A
= 2 for want of angle of attack @ =3~ 35"

and wavelength of a scree Ay=20 " b.
The following interesting results follow from
consideration (_)_f these curve. Instantaneous

significances C, ; above crests of waves
( curve * 1 ") exceed C, 5 significances,

appropriate to them, for want of movement
of a wing above a flat screen at a level of
crests of waves (curve "2"). Characteristic
just the incongruity of curves " 1 "and” 2 "
here is, that is a corollary purely of dynamic
effect connected to influence of a
wavelength of a screen on lift of a wing. For
want of more short waves, than in this case,
the instantaneous significances above
crests of waves can be of smaller
significances, appropriate to them, of a wing
above a simple screen at a level of crests of
waves, that will be shown further. The
special interest represents that detected
experimentally fact, that average for period

of significance of coefficient C, (curve "3")
exceed significances, appropriate to them,
of a wing above a flat screen at a level of
centerline of waves of a screen (curve "4"),
This remarkable fact with reference to
ekranoplane means, that for want of flight at
some small height above the wawy surface
of the sea some increment of lift on a
comparison with flight at same height, but
above a undisturbed surface of the sea wili
be derivated.

Fig. 7 _

Significances of coefficient C, 5 above a
wave hollow (the curve " 5 ™) in this case
differs from unit a little. it is connected that
height of a wave on magnitude was equal
the given experiment to a chord of a wing
and, therefore, reiative otctosiHue from a
trailing edge of a wing up to a wave hollow
was more unit, that equivalently to
movement in a boundless liquid, for want of

which C_;y; = 1. In case of movement above

waves with smaller height, when relative

distance from a trailing edge of a wing up to
a wave hollow will be less unit, the curve "5"

17-5
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can place above than significances equatl to
unit. ’ .

5.4. The large interest represents a research
of influence of iength and height of a wave
of a wave screen on lift of a wing, driven
above him. Obviously, that the lift of a wing
should depend on a ratio between length of
a chord of a wing, on the one hand, both
length and height of a wave of a screen, on
the other hand. As two extreme cases of
such movement it is possible to present, for
example, movement of a wing above a
rather long wave, when chord of wing
makes only small part of a wavelength of a
screen, and the movement of a wing above
rather short waves, when on length of a
chord of a wing is equal to some lengths of
waves of a screen.

Criterions of such movement are Strouhal
Number and relative height of a wave

p*=2mb ’ ﬁb= H,

)\,b ;\‘b
Let's mark some characteristic cases from a
range of Strouhal Numbers from zero to
infinite, using Fig. 8, on which on an axes
abscissas the Strouhal Numbers, and on an
ordinate axis relative are placed lift
coefficient, equal to the reiation of a lift
coefficient above a crest of a wave to a lift
‘coefficient above a flat screen at a level of

crests of waves

e

B B TR T
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T6¢8 10 20 oo

Fig.8

The case P*= 0 comesponds to a
wavelength of a screen equal to infinity, that
it is possible to treat as a flat screen at a

leve! of crests of waves. The case P*=2 7
corresponds to a wavelength of a screen to

an equal chord of a wing. For all of P* < 2

Tt the chord of a wing is less than a
wavelength of a screen, and for all of

P* > 2 1t the chord of a wing is more than a
wavelength of a screen. The deleted point

on an axes of abscissas(P* —» )
corresponds to an oscillating screen with an
indefinitely smali wavelength, that is
possible also t0 treat as a flat screen located
at a level of crests of waves. On Fig. 8 the

datas for a wing A, = 2, driven with an angle

of attack ® = 3 “ 49 ' on relative distance

from a level of crests of waves h = 0,03, are
indicated. For want of it to trace influence to
lift of a wing of a wavelength of a screen in
the pure state, were selected datas relating
to waves of various length, but identical
height equal to length of a chord of a wing
Hy, = b in put on the graph only. The
consideration of an obtained curve gives the
following submission about influence of a
wavelength of a screen to lift of a wing. For

want of rather long waves (P"< 0,5) lift of a
wing above crests of waves is close on
magnitude to lift of a wing above a flat
screen at a level of crests of waves and can
a little exceed this significance. However,
for want of magnification of Strouhal

Number from P*=0,5 up to P*=2

T, that corresponds to a diminution of a
wavelength of a screen up to magnitude to
an equal approximately chord of a screen,
the lift of a wing above crests of waves

continuously decreases and for want of P*

= 2 T reaches significance approximately
equal 0,5 from the significance above a flat
screen at a level of crests of waves. For
want of further diminution of a wavelength
of a screen, when under a chord of a wing
places more, than one ripple of a wave, lift,
probably, is increased and for want of

P* - o the significance C,r, =1, as above
a flat screen at a level of crests of waves
should be restored. On the graph the
prospective disposition of a curve for want
of is designated by a dashed line. Physically
such behaviour of a curve of lift above



crests of waves depending on Strouhal
Number becomes clear of consideration of
the sketch in a top Fig. 8. if the wavelength
of a screen is more than length of a chord of
a wing, with magnification of Strouhal
Number the lift of a wing above a crest
should decrease, because the average
distance from a surface of a wing up to a
surface of a screen is increased. If the
wavelength of a screen is less than fength of
a chord of a wing, with magnification of
Strouhal Number the lift of a wing above
crests of waves should be increased, as the
average distance from a surface ,of a wing
up to a surface of a screen decreases.

Z~a£>3 CTIE -
IR

T RER AT 3T

1 1 3
62 8 20 o=

Fig. 9

About influence of height of a wave of a
screen to iift of a wing above a crest

the waves are possible to made by
submission, analyzing datas indicated on
Fig. 9. On this graph the relation of a lift
coefficient of a wing above a crest of a
wave to a lift coefficient of a wing above a

flat screen at a level of crests of waves C;
is given depending on Strouhal Number for
various significances of relative height of a

TT H
wave of a screen H, ="

b

In experiment it was possible io envelop a
range of a modification of relative height of
waves of a screen in limits

AG,

azt

As the general character is visible from the
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graph, curves CYT, =f (P*) for want of |

H, = Const is similar considered in a Fig. 8

for the same wing, but for want of H, = b.
Here tendecy C,w. — C,fl for want of
rather long waves of a screen (P" = 0)

and for want of very short waves (P"— )
also is observed. However, in all a range,
enveloped by experiment, of a modification
of Strouhal Numbers the essential
dependence of lift of @ wing above crests of

waves from relative height of a wave H ’is
observed. This dependence expresss that
the lift of a wing above crests of waves
essentially decreases with magnification of
relative height of waves. For want of
diminution of relative height of waves of a
screen and tendecy it to zero, the lift of a
wing above crests of waves, naturally, tends
to the significance above a flat screen at a
level of crests of waves.

941

a3l

ait

Fig. 10

It is possible to judge influence of Strouhal
Number on magnitude of oscillation
frequency of a curve lift above a wave
screen by results of, represented in a
Fig. 10. On this graph the dependence on
Strouhal Number of a difference between
instantaneous significances of lift coefficient
of a wing for want of passing it above a
crest and above a middle of a hollow of a
wave of a screen is given. On the graph two
curves are given. One for a wing with

elongation A = 2 above a wave screen, at
-which the waves of all lengths had identical

1 4 P s ; *_EX0
D Q4% qes i - 208 . Ru P =
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height equal to a chord of a wing Hj, = b.
Other curve corresponds to movement of a

wing with elongation A = 3 above a wave

screen, at which height of each wave was

equal ts\’the one twentieth part of its length
b

H, =55 . Anangle of attack of wings and
relative distance from crests of waves in
both cases were identical. Both in first, and
in the second case oscillation frequency of
lift above a wave screen essentially
decreases with magnification of Strouhal
Number.

5.5 Is higher, for want of discussion of
results, represented in a Fig. 7 already, it
was mentioned, that for want of ‘movement
of a wing above a wave screen average for
the period of significance of a lift coefficient
is exceeded by significances lift coefficient
for want of movement of a wing above a flat
screen at a level of centerline of a wave. in
a Fig. 11 this " the effect of exceeding " is
reflected as dependence on Strouhal
Number of magnitude

aCy%
. 4 A=2

Fig. 11
~ C,5-Cav
AC, =—"z=" -100%
Cav
Where: C,av - average for period

significance of a lift coefficient of a wing

above a wave screen; C,av - lift coefficient
for want of movement of a wing above a flat
screen at a level of centerline of a wave.
From the graph it is visible, that " the effect
of exceeding " for want of small Strouhal
Numbers can reach 15 % and more, but it
decreases with magnification of Strouhal

Number and with magnification -relative
distance of a wing from crests of waves.

6. WING WITH A FLAP NEAR TO A
SCREEN

The interesting results were obtained for
want of tests above flat and wave screen of
a wing with deviating flap [8]. Was
investigated problem of influence of a
screen to efficiency of a flap. Efficiency of a
flap on lift far from a screen we shall take as
the relation of a gain of a body force of a
wing stipulated by a deviation of a flap to lift
of a wing with undeflected flap.

C _ C,B - C,B=0
4 C,=0

Where: B - angle of a deviationof a flap, C,
B - lift coefficient wing with deviating flap;
C,8=0 - iift coefficient of a wing with
undeflected flap. For case of movement

near to a screen efficiency of a flap on lift
we shall express by a similar ratio

& =Cup -Cap=0
CyT:B=0

Where: h - relative orcrosue from a trailing
edge of a flap up to a screen. Influence of a
screen to efficiency of a flap on iift we shall
be to characterize by relative efficiency of a
flap on lift

o S
> =

In a Fig. 12 the graph of relative efficiency
of a flap is represented on lift depending on
relative distance from a trailing edge of a
flap-up to a screen.

12l < 18




A flap was located on the whole range of a

wing A =2, driven with an angle of attack

Q
@ = 2 30'. The chord of a flap has made
the one tenth part of a chord of a wing. A
flap deviated sequentially on angles p =

10, 20 wu 30 As it is visible from the

schedule, for want of approximation of a
wing with deviating flap to a screen the
relative efficiency it on lift in the beginning
is reduced and the more, than greater angle
of a deviation of a flap. it is possible to
explain it by effect of straightener of a
screen on a stream, deviating by the flap.
However on extreme small distance from a
screen for want of h < 0,1 relative efficiency
of a flap begin to increase, that it is possible
to explain by a blocking effect of a stream
by a flap near to a screen.

7. CONCLUSION

In Institute of a Hydromechanics UNAS the

‘unique experimental installation for  a

research of movement of a wing near to the

boundaries of the complicated form was.

created. On this installation large volume of
a new information about influence of a fiat
and wave screen to hydrodynamic
performances of a wing, driven above a
hirh, is obtained. The oblained results can
be used for want of designing of
ekranoplanes and for want of analysis of
their movement above the quiet and wavy
surface of the sea. Some from these results
are represented in the present work.
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1. SUMMARY

Now, at immense successes of the computer hydro-
dynamic it is useful to consider some fundamental
physical statements. The types of cavitating flows,
reentrant jets, energy conservation principles, cav-
ity pulsation at cavitation are presented below.

2. SOME TYPES OF CAVITATING
FLOWS

A fully developed cavity in weightless fluid is de-
fined by cavitation number o = —%— where Ap is

the pressure difference in undlsturbed fluid po, and
in a cavity pg; V is the relative velocity: p is the
density. A closed cavity with certain area of the
mid-section Sy ~ %}-, which 1s proportional to the
cavitator drag W, is derived at ¢ > 0 (Fig. 1, II).
Obviously, S exists at any Ap > 0, and in this
point the cross section area S(z) satisfies the con-
dltlon = 0. It is clear that this cavity develops
on large distances r — oo as a dipole, and the ab-
solute velocity of fluid V is proportional to 1/r3.

The case, when Ap = 0 and ¢ = 0, (Fig. 1, I)
corresponds to the infinite cavity. Its cross section
S(z) has no maximum. Hence, this cavity corre-
sponds to an infinite chain of sources. In spite of
the cavity contour S(z) near the cavitator at small
o — 0 asymptotically coincides with the cavity at
o = 0, these two flows are principally different, and
this is necessary to take into account. So, for exam-
- ple, if the cavitator is flowed by jet with diameter
d & dg, then on the large distances the cavity is

degenerated into a cone jet of angle § ~ Qf— Cz -

3. REENTRANT JETS AT CAVITATION

Theoretically, a steady cavity at o > 0 is formed
that a spray jet of section F, with relative veloc-
ity Vi = Vv/1 4 o and absolute velocity V + V; is
directed from its back part forward. At small o,
V + Vi ~ 2V and the cavitator drag W ~ 2pF. V2.
If the jet was colliding with the bottom part of the
cavitator and then was dissipating perpendicularly
to the motion direction, its pressure on the bot-
tom, which is directed forward, would be pF,V?

or, approximately %W The jet turn on the cav-
itator bottom completely compensates the cavita-
tor drag. It is theoretical. Practically, in the sta-
tionary cavity the jet is destroyed and carried over
with supplied gas to the wake. However, in some
cases (Fig. 1, IIT) the power jets directed up and to
within the cavity are formed at the cavity closure
during vertical water entry with high velocity. The
internal jet collides with the bottom of the body,
and this effect is considerable. In the experiment
we observed the total destruction of instrumenta-
tion located in the body’s bottom part by namely
such jet (Fig. 1, III).

4. ENERGY CONSERVATION PRINCI-
PLE

At stationary motion the force overcoming the drag
W performs work per second WV = dt , and the
energy E remains in the wake. Along the cavity
length [ the energy in the wake Wi ~ ApSi!. Since,
the energy density must be the same for each part
of the wake length [ at the enough distance from the
cavitator, it is natural to suppose that a sum of the
kinetic energy T and potential energy U is equal to
energy F for overcoming the cavitator drag. Then
F(I +U + E) = 0, where h is the cavitaor cen-
ter trajectory. For stationary cavity at ¢ — 0 we
obtain T' ~ Ap(Sil — O), where Oy, is the cavity
volume. Spreading the previous equation on the
unsteady motion along the curvilinear trajectories
is the mathematical formulation of ” principle of in-
dependence of the cavity section expansion”. For
an ellipsoid O = 25k!. As is known the stationary

" cavity is close to an ellipsoid.

5. PRINCIPPLE OF INDEPENDENCE
OF CAVITY SECTION EXPANSION

The approximate ” principle of independence of the
cavity expansion” was formulated in 1960 - 1961.
It was subjected to the careful experimental testing
to apply in practice.

Comparisons of calculations with results of the cor-
responding experiments are shown in Fig. 2. A
snake-shaped cavity is formed past a disk at cross
oscillations of a bar with disk. An analysis of this
cavity’s frames at fixed velocity and supply before

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 oscillation beginning, at oscillations and again
without the oscillations has shown the total iden-
tity of the contour. At vertical water entry with
high speed the body moves with deceleration, and
the cavity is obtained wider. In photograph the
calculated points are plotted on a basis of the ”in-
dependence principle”. They coincide with the ex-
perimental contour.

The known M.I. Gurevich’s work has shown that
the additional mass at impact of the plate with
Kirhgoff cavity past it is more only on 8 % that
the additional mass of the plate swimming on the
flat water surface. The photograph (Fig. ) shows
the test where the weight gliding along the bar is
impacting against the disk after the cavity forma-
tion past it. In the impact moment the cavity
separation is formed, and a new cavity begins to
be formed, while the "old” cavity is being devel-
oped practically independently on the impact. A
detailed analysis has shown that the ”impact” ad-
ditional mass of the disk is less approximately in
two times than ”cavitationally” developing one at
moderate accelerations.

An application of the ”independence principle”
permitted the acoustic radiation of the cavities to
evaluate. It is of interest from point of view of in-
formation connection.

5. CAVITY PULSATIONS

In many experiments the cavity pulsations are be-
ing observed when wave-shaped appendages and
hollows run along the cavity. A long time this ef-
fect had no strict explanation. It was not clear
how may it be controlled. The explanation and
theory of this effect are obtained in fundamental
work by E.V. Parishev. He has been using the ”in-
dependence principle” and has shown that the cav-
ity behaviour can be described by equations with
lagging argument. The basic results of E. V. Pari-
shev’s work are shown in Fig. 3.

An analysis of the equations has shown that the
cavity is stable only for the lagging argument range
0 < 10 < ™2, where 1) = 172% — 1. Here, Eu
is Fuler number, v is the politropic exponent of gas
within the cavity. It means physically that the ven-
tilated cavity is stable about the vapor cavitation at
Pr/Poo < 0.7,if v = 1.4 (see Fig. 3). If o > m/2,
then waves arise. The number of them N ~ 2%
is close to integer numbers. I want to emphasise
that before Parishev’s works. this phenomenon na-
ture was not clear. Parishev’s equation, its solution
illustration and a comparison with experiments are
shown in Fig. 3.

7. PRINCIPLE OF INDEPENDENCE OF
PLANE SECTIONS

The principle of plane sections, which is generally
the same principle of independence, was used in the
numerous works by Yu.F.Zhuravlev (Moscow) and
V.N. Buyvol (Kyiv). They have studied in detail
the deformation of cavity cross sections. Really,
for equation deduction we consider not cylindrical
expansion of the cross layer extending to infinity
but the motion in stream pipe based on the cavity
length units where the kinetic energy is finite.

8. OTHER CASE OF INDEPENDENCE
PRINCIPLE APPLICATIONS

The ”Independence Principle” can be treated in
wider sence not only for cavities. In all the cases
when a wake remains past a body where disturbed
velocities of fluid along the trajectory are small in
comparison with velocities normal to the trajec-
tory we can with known approximation state that
the wake length part moves independently on the
following motion of the body. In particular, for
hydroplane the wake is formed past the first step
at the moment ¢, it reaches to the second step for
time interval 7 = {/V. During time 7 the wake -
is deformed existing independently. The force act-
ing on the first step at the moment ¢; = ¢t + 7 is
approximately independent on the wake, but the
force depending both on the hydroplane kinematic
parameters at the moment ¢; and on the wake con-
taining ”history” of it formation at the moment
t; — r = t and deformation for time 7 acts to the
second step. It is clear that a system of differential
equations of the hydroplane motion should contain
terms with lagging argument. At some combina-
tions of parameters instability arises.

9. CONCLUSION

Repeating some known statements, it is useful to
emphasize that it is appropriate to make prelimi-
nary physical evaluations of a situation and to sepa-
rate the ”possible” from ”impossible” at composing
the computer programs.
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Cavity Shapes in Three Dimensions

M. P. Tulin

Director, Ocean Engineering Laboratory
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1. Introduction

Cavitating and ventilated bodies produce trailing cavities of a length
and volume out of all proportion to the dimensions of the body itself.
The shape and dimensions of these cavities have attracted research
interest which is intensified by the engineering of high speed bodies
enveloped by their cavities in order to reduce their resistance.

In his introductory work on the linearized, or thin body, theory of
planar supercavitating flows, the present author obtained asymptotic
results defining the cavity shape, Tulin (1953). It was shown that the
trailing planar cavity behind a head form was asymptotic in shape to
a slender elliptic cylinder whose length, ¢, and thickness, T, depend in
a simple way on the body drag coefficient, Cp, and cavitation number,
oL 1:

£/t = (8/7)Cp/o?
T/t = (4/7)Cp/o (1)

where, t is a characteristic length of the body. Later, Tulin (1956), it
was shown that in the case of a lifting foil, only the symmetric part of
the flow field (i.e. strut-like) entered into the determination of the drag
and cavity length.

A few years later, Garabedian (1956) obtained corresponding results
for axisymmetric bodies like cones:

(¢/d)? = Cpéﬁzé
(T/d)? = Cp/o (2)

where d is the diameter of the base of the cone forebody and Cp is non-
dimensionalized with the base area. The shape of the trailing cavity is
essentially spheroidal.

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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Here we derive a generalization of (1) and (2) to the case of gen-
uinely three dimensional headforms. It is clear that all possible head
shapes are unlikely to shed cavities of the same general characteristics.
For example, delta wings produce cavities with the appearance of a
re-entrant jet along the top axis of symmetry, Tulin (1955), while rect-
anglular wings produce smooth trailing cavities with the addition of
strong cavitating tip vortices. As a prototype headform we consider a
wing of elliptical shape, span W and midchord C\see figure 1 at the
top; the aspect ratio, AR, of the wing is W/C. This headform seems
likely to produce a trailing cavity of basically ellipsoidal shape.

2. Regimes of Cavity Shape(Quasi-Planar; Long-Flat;
Spheroidal)

The cavity length, ¢, and thickness, T', increase with increasing speed,
go, or decreasing cavitation number, 0. With increasing speed the shape
of the three dimensional cavity changes, too, as shown in figure 1;
the speed is increasing from top to bottom. We identify three distinct
regimes.

For a wing of sufficiently high aspect ratio, the cavity has at first
a width, B, equal to the wing span, but of much shorter length; the
flow about the wing is thus quasi-planar (I). With increase in speed,
the cavity length too becomes as large as the wing span; this results in
the thin cavity labeled "discus” in figure 1.

The discus is a transition between the quasi-planar regime (I) and
the long-flat regime (II). In the latter, the cavity length exceeds the
wing span, but the latter is larger than the cavity thickness; the cavity
width remains fixed in size, equal to the wing span.

Eventually the cavity thickness equals its width, and the spheroidal
regime (III) is initiated. Thereafter, with increase in flow speed, the
cavity remains spheroidal and thin, with the diameter exceeding the
wing span.

We note that in each of these regimes the cavity width is specified,
leaving its length and thickness (or diameter in IIT) to be determined.
In the spheroidal regime, the requisite asymptotic relationships have
already been given by Garabedian (1956), eqn. (2). This leaves regimes
I and II to be treated.

3. Thin Ellipsoids as Cavities

Thin ellipsoids aligned with a uniform flow are known to have a pres-
sure, P, over most of their smooth sides which is almost uniform and



reduced from the ambient pressure, P,. We imagine headforms like the
elliptic wing in a flow at a low cavitation number o, trailing cavities
which are essentially thin ellipsoids, where now:

_ PO_PC
1/2pq?

(3)

The flowspeed is g,.

The added mass of this thin ellipsoid (length ¢, thickness T', width B,
is given by pk;V, where V is the ellipsoid volume and k; the horizontal
added mass coefficient. It is well known that the latter is directly related
to the speed, g., on the smooth sides of the thin ellipsoid, which can
be shown to be,

2 = (1+k1)go (4)
and, therefore, using Bernoulli’s equation relating g, and P,, and (3),

o=(14k)? =122k (5)

4. The Added Mass Coefficient

The added mass coefficient k;, and therefore o is dependent on the
shape of the thin ellipsoid,

k=2 = (T/D(¢/B) ©)

For example in the two dimensional and axi-symmetric cases where B
disappears as an independent variable, ¢ = 2(T'/{) for slender elliptic
cylinders and o = (T/£)%In(T/€)? for slender spheroids.

In the general three dimensional case, k; for ellipsoids is known in
terms of complete elliptic integrals of the first, F', and second, F, kinds,
Munk (1934). In application to supercavitating flows, T'/L < 1, we find
for each of the two regimes in figure 1;

Regimel(B > £) : ki€/T = f1(¢/B) (7)
RegimesIIandIII(£> B) : ki€/T = fo(B/¢) (8)

where,

fi(e/B) = [t~ (¢/B] " [Blum) ~ (¢/BYF ()

w=[-@B]" @
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£2(B/6) = BJe [1 = (B/0?] " [P(u2) — E(uo)]
=[] o)

These relationships (7) and (8) must now be supplemented by anoth-
er which provides a relationship between the headform drag and the
cavity dimensions. These together give a general three dimensional solu-
tion equivalent to (1) and (2) for the limiting cases of two-dimensional
and axi-symmetric flow.

5. Energy Flux and Drag

The headform, with drag D, moving in a quiescent fluid with the speed
u, in the x direction does work on the fluid at the rate D - u,. This
corresponds to a kinetic energy flux from the headform of the same
magnitude, which is absorbed at the tail at some nominal time 7 later.
This transit time, 7, must scale with the time of passage of the body-
cavity past a fixed point, £/u,.

This kinetic energy flux thus provides in time 7 the kinetic energy,
KFE, which is distributed throughout the flow field around the body,
especially in its close vicinity:

KFE fluz - Transit Time « Flowfield KE (11)

The RHS above is proportional to (pu2/2) - k1 - IBT. Therefore, after
substitutions and cancellations, (11) can be written:

D=~-(pu}/2) ki - BT (12)

where 7 is a factor to be determined. After using (5), this result is of the
same form as a theorem found by Garabedian (1956) for supercavitating .
cones by scaling arguments, and leading to (2) lower. It is also of the
same form found by Tulin (1953) for planar bodies (B = 1}, equation
(1) lower. In both cases, planar and axisymmetric, (12) is identical to
(1) and (2) lower, for v = 2/m. It is quite remarkable that the same
value of v suffices here for both planar and axisymmetric cases. This
fact provides the rationale for our use of (12) with v = 2/7 in the
general three dimensional case. Finally, we note that this derivation
provides some physical insight into the nature of the mathematical
laws of Garabedian and Tulin.
Our general three dimensional law, (12), can be given the form:



BT/A, = (4/7)Cp/o (13)

where A, is the reference area of the forebody used in forming Cp. In
the case of the elliptic wing, A, = (1/4)WC = WC. Equation (13) is
the three dimensional generalization of (1) and (2) lower.

The cavity thickness, T, may be removed from (13) by using (7) or
(8) leading to relationships for the cavity length.

Finally, after some substitutions, we find for the elliptic wing:
Regimes I, II.

T/C = (4/7)Cp /o : (19
¢/C = (8/m)Cp/c* - fr,2 [¢/W] (15)

Where:
(W =1¢/C-n/4-1/AR (16)

and f1,2 is given by (9) and (10), B = W. In the planar case, t = ,
fl =1.
Regime III (spheroidal).

(T/C)*=(Cp- AR)/o (17)

(1 =2 1110 (18)
(T >1 o= (T/0)*n(/T)? ‘(19)

which can be approximated after some minipulation, again for very
slender cavities,

(/7Y = ~tn> (20)

Multiplying (17) and (20) the general law for elliptic wings in regime
IIT becomes

Cp-AR 1
(/C)? = - (21)

In the axisymmetric case, AR = 1, C = d and (21) yields Garabedian’s
law, equation (2) upper.
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6. Concluding Remarks

The theory given here is hueristic in nature; it is not exact. It needs
to be supported by experiments and additional theory. In addition,
unconventional headforms may lead to unconventional cavities, with
deviation from ellipsoidal shape. These need their own special consid-
eration.

Among the results which can be easily derived from the present
theory are the boundaries between Regime I and II, and II and III. On
the former the cavity is a discus, as shown in figure 1; on the latter
it first assumes spheroidal shape. These two transition boundaries are
given by the following laws, respectively:

N C 1/2
o* = [7r/2z}%] (22)
o™ = [Cp/AR] (23)

see figure 2.
It is hoped that these laws will prove useful in design.
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Investigation of High-Speed Supercavitating

Underwater Motion of Bodies

Yu.N.:Savchenko
National Academy of Sciences - Institute of Hydromechanics
8 / 4 Zhelyabov str., Kiev, 252057
Ukraine

1. SUMMARY

The main hardware of the institute of Hydrome-
chanics of UNAS for research of high-speed super-
cavitating motion in water are presented. These are
the 35 m launching tank with electrochemical cat-
apult, the vertical tank to investigate water entry,
the hydrodynamic tunnel of open type. Cinegrams
of supercavity obtained at underwater motion of
supercavitating models for speeds up to 1360 m/s
(0.93 M) are demonstrated. '

The hydrodynamic eflects connected with super-
cavitating motion of objects and their stability are
discussed.

2. INTRODUCTION

Experience of development of experimental high-
speed hydrodynamics shows that it is convenient
for velocities up to 30 m /s to use the inverted mo-
tion, which is realized due to hydrodynamic tunnels
[14]. THM has two hydrodynamic tunnels.

The small hydrodynamic tunnel. Its working sec-

tion is 0.34x0.34 m, the working part length is 2m,
the mainstream velocity is 9 m/s. It is a tunnel
of open type with opened working part. Pumps
inject water to the upper tank, where free level is
sustained constant. The water arrives under con-
stant pressure of water column equal to 4.5 m to
the working part.

The big hydrodynamic tunnel. Its working section
1s 0.5 x 0.5 m, the working part length is 4 m. It
is a tunnel of open type with opened working part
with maximal admissible velocity up to 30 m/s.

It is convenient for velocity range 30 + 200 m/s to

use the models moving on wires. The 30 m flume-

with the vapor catapult is used to realize this. The
catapult can launch models up to 5 kg with velocity
130 m/s.

The launching tanks with free motion of models are
used for velocities about 1000 m/s [14]. At the IHM
the supplying part of big hydrodynamic tunnel is
used as a launching tank. The launching tank has

10 pairs of looking windows and is supplied by an
electrochemical catapult using the electrolysis gas
energy after decomposition of water. The maximal
achieved velocity on this tank is equal to 1360 m/s
(0.93 M).

The object is partially or completely placed in the
supercavity (Fig. 1) formed by nose part — cavi-
tator according to the hydrodynamic scheme of su-
percavitating flow [1 — 6]. The object can not have
points of contact with a cavity boundary (Fig. 1,
¢) at use of the jet cavitator. ’

It is seen from formulae of hydrodynamic drag for
bodies at continuous and cavitation flow schemes

sz sz
2

that X. does not depend on the viscosity. Here
Re = V L/v is Reynolds number, ¢ = (P - Po)/L
is the cavitation number, S and S, are the wetted

surfaces of body at continuous and cavitation flow
regimes, p and v are the density and viscosity of

X = C{Re)

P s X.=Clo)i—s. (1)

‘water.

The cavitation flow scheme has also one important
and surprising property. Calculations show that
the cavitation scheme of flow around the body in
waler can ensure the lower drag than at motion
with the same velocity in air.

Moving in the vapor or gas cavity, the cavitating
object loses the main advantage of motion in fluid
(the Archimedean buoyancy force) and needs dy-
namic means of its weigh maintenance inside the
cavity [14].

The classical condition of the object motion stabil-
ity in continuous medium (location of the object
mass center ahead of center of external force appli-
cation) is violated by the most adverse way in the
supercavitating flow scheme: the center of external
hydrodynamic force application is on the extreme
forward point of the object far ahead of the mass
center (Fig. 2). Moving in the cavity with subsonic
velocity relatively to water ( V, = 1430 m/s ), 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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object executes the supersonic (V' = 4 M) motion

relatively to the steam filling the cavity as at height
34 km zbove the sea level.

We should note that the problem on cavity closure
including the cases of closure on the object body
is a big independent theme having applications in
realization of artificial supercavities and touching
the problem of further drag reduction to values less
than X, .

It 18 possible with account of mentioned features
of the supercavitating flow scheme to generalize
that the realization of supercavitation flow scheme
is possible only at successful solving the problem of
maintenance of object motion stability in the cav-
ity. Therefore, the spherical body was more often
used in the experiments on water entry of bodies
and formation of cavities [12, 14]. The cavity covers
only the body part for the scheme of flow around
moving objects, and the tail part was wetted to save
the object motion stability (see Fig. 1, a). Blades
of ship screws and pumps are the most widespread
object of supercavitation in engineering.

The supercavity gives the perfect possibility to pro-
tect the part of design located in the cavity from
contact with water. This phencmenon is basis of
creation of a new class of two-medium foils of wings
and blades intended to use in alternate mediums
(water — air). The special shape of the foil [11]
promotes - the supercavity formation and the foil
protection against overloads on the lift (side force)
in water. Such foil permits the constant lift to save
at change of the medium water — air (Fig. 3).

To calculate two-medium foils we have developed
the special computer program enabling to design
the foil with given characteristics and to determine
the range of allowable angles of attack in the su-
percavity.

3. SUPERCAVITY SHAPE

The supercavity parameters in the velocity ranges
up to 1360 m/s were investigated at the IHM UNAS
on the special launching tapk with length 35 m and
section 2.2 x 2.2 m [7]. Models were started due
to the gas catapult, where the energy of burning
the electrolysis gas was used according to known
reaction of the compound of hydrogen with oxygen
2H; + Oy = 2H,0 + 136.6 Kkal. The parameters
of cavitating flow were registered by a high-speed
camera.

The supercavity shape for the mode! having a conic
shape and a disk cavitator [1, 3] is shown in Figs.
4 and 5. The photo of cavity is obtained by splice
of consecutive frames made through the window of
the launching tank. The obtained cinegrams give
picture of evolution of the cavity section fixed in

the absolute coordinate system. This permits the
shape and dimensions of the stationary cavity to
determine according to the principle of indepen-
dence of the cavity section expansion [4] at cavita-
tion number value corresponding to instant velocity
of passing by cavitator through given section.

Froude number Fr = V,//2gR, was varying in
range 3 - 10%...10° in the experiment. Then the
disturbed influence of gravity force field on their
shape are absent in spite of large aspect ratio of
the cavity A = L./R, = 90+ 200. Mach number M
= Vy/a, where a = 1430 m/s is the sound velocity
in water, was varying in range 0.3 — 0.93.

Researches have shown that the stable and steady
vapor cavities with clearly discernible boundaries
along their length are formed behind the models
with disk cavitator for mentioned ranges of num-
bers M, Fr,o. The contour of registered supercav-
ities remains close to ellipsoidal calculated by uni-
versal law of expansion of the cavity section of [3]
at neglect of the cavitator dimension.

R\? 1z T
— T —— e 2 —— y . 2
(&) =%£(-7) @
where A = L./R.; z = Wt; L. is the cavity half-
length; ¢ is the time; Vp is the motion velocity. It is
shown by curve line in Fig. 5. The contour of the
frontal part of the slender cavity can be determined

by asymptotic law of free streamline expansion [3] -
at M =0:

R? =2.\/Cro(M)

In ln'f] )

T
Vinz [1— 4InT

The main dimensions of the supercavity (the mid-
section radius R., the half-length L., the aspect
ratio A = L./R.) can be calculated with precision
2 - 4 % by asymptotic formulae
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4. INFLUENCE OF WATER COMPRESS-
IBILITY

4.1. Accounts of compressibility influence
in frameworks of linear theory ( Prandtl -
Glauert analogy)

The flow potential of an ideal compressible fluid
satisfies equation [15, 16]:

,6250;-1- + Oyy + @2 = 0, (5)



where 5 = /1 — M?, ai precision accepted by the
theory of small perturbations.
The transformation of coordinates:

z = f¢; z=( (6)

transfers the Eq. (5) into Laplace equation

y=1;

Pee + Pnn ¢ =0 (7)

Therefore, the transformation (6) establishes the
conformity between a compressible fluid flow in
space z,Yy,2 and some flow of an incompressible
fluid in space &,7,(.

Thus, the cross dimensions of bodies and velocity
perturbations ¢, and ¢, are saved. The longitudi-
nal dimensions of bodies are increased proportion-
ally to 1.

Volo = oo/ﬁ,

o' = f%c (8)

Thus, we obtain the following sequence of the cal-
culation:
- the angle §' = 68 is determined;
- the number of cavitation ¢/ = ,320' 18 determmed
- dimensions of bogus cavity R, and L! are calcu-
lated;
- the dimensions of the cavity to be calculated R, =
R.; L. = L.J are determined.
The radius of the bogus cavity is calculated by for-
mula
Ci(1+d')

ko’
where C}, is the drag coefficient of a cone with angle
at top 26'.

R.=R,

= R,

The results of calculations are shown in Fig 6. It is
seen that in frameworks of given theory the com-
pressibility account results in increase of the cavity
dimensions.

4.2. Applications of the theory of slender
body

The question about compressibility influence on a
cavity shape at subsonic and supersonic velocities
is considered in {9, 13, 17]. These works use asymp-
totic methods of slender body theory.

A.D.Vasin has delivered the simple relations en-
abling to calculate the cavity shape and dimensions
at subsonic and supersonic velocities, if the cavita-
tor drag is known at given Mach number.

For subsonic velocities they are

—ln (Ve V1- (9)
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and .
Riz)=e*{(1 - %)+ (10)
z2lnd —In [(1 + z)(1+2)(1 z)(l—x)]
+ 2ln A

where ¢ is the cavitation number;
A= -]%f; is the cavity aspect ratio;-
€= %
e is a basis of natural logarithms;
x is a distance from the cavity mid-section with
respect to its half-length L.;
For supersonic velocities they are:
2

c=—1l

A
2 n\/E\/MZ—l

Ri(z)=e*{(1 - 2°)+

z2Indln [(1 4 2)(="-==D(1 = 2)(===")]

+ 1Y)

Thus, the compressibility influence is displayed in
changing the cavitator drag and the cavity aspect
ratio.

In a compressible fluid the cavity frontal part is
seen to be more slender than in an incompressible
fluid. The main contribution into change of dimen-
sions and form of a cavity introduces The change
of Cyo of the cavitator has main effect on change
of the cavity shape and dimensions.

In a compressible fluid the cavity has the same
greatest diameter at the same Cgg of the cavita-
tor, but it longer than in an incompressible fluid.
Therefore, its frontal part is more slender (Fig. 6).

These calculations have shown that in an incom-
pressible fluid the cavity dimensions can be more
than in an incompressible fluid. The cavity radius
increases due to increase of the cavitator drag. The
cavity aspect ratio grows, if number M is more than

V2.

This conclusion is not agreed with results of di-
rect calculations adduced in [18): there the cav-
ity frontal part radius considerably decreases at in-
crease of M.

The calculationresults by various approximate the-
ories are not always agreed among themselves and
with results obtained by numerical solving total
equations of the compressible fluid motion. The
reliable data about cavitation drag of bodies are
absent at subsonic and supersonic velocities.

Thus, the compressibility influence on the cavity
shape and dimensions is investigated insufficiently.
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This influence cannot be considcrable owing to
small water compressibility and small values of in-
duced velocities on the cavity surface.

4.3. Next approach for supercavity shape
However, existing theories do not take considera-
tions low water strength due to action of tension
forces. Appearance of the water discontinuities in
zones of negative pressure near the cavitator and
fluid iayer separations near the cavity surface are
really possible.

The pressure and velocity fields past the supercav-
iting wedge in compressible fluid were calculated
by Godunov method at the IHM. We supposed the
flow separation in points of the flow, where the lo-
cal pressure is p < 0. As a result of calculation
of secondary cavitating process we obtained thin
layer of separated fluid moving to the center of su-

percavity past the wedge. The line 2 of Fig. 6 is

typical shape of this separated layer in supercavity
that very confines the useful volume of supercavity.

From practical point of view the search of exact
value of the cavity boundaries has the limit, which
is determined by natural destruction of the free
boundary. We should refer to natural perturba-
tions of the cavity boundary first of all the per-
turbations obtained at flow around the cavitator
due to the secondary cavitation and hydrodynamic
perturbations in the boundary layer.

It is possible tc refer to natural perturbations also
the presence of gas boundary layer in the clearance
between the object body and the free boundary of
the cavity, ”ebullition” of the free boundary owing
to nonequilibrum processes of evaporation from the
fluid surface.

Investigations of the spray drag carried out in the
laboratories of the IHM UNAS have shown that
notwithstanding the small spray. concentration in
the wall layer Cr ~ 103, the hydrodynamic drag
coefficient C; can have the same order as the drag
coefficient at continuous flow [10]. Thus, the film
thickness zg of fluid on the wall can be comparable
with thickness §** of the turbulent boundary layer
zg

pret 27.8 CpRezﬂtga : (11)

5. SUPERCAVITY CONTROL

It is convenient to control the cavity by varying
the value of gas-supply to the cavity [4] for artifi-
cial cavitation regimes at varying the body motion
depth and velocity.

Q

Q=yg=Fl@fReWe . (12

In the region of considerable influence of gravity
the formula for supply value has the form (4]

0.27
o[o2Fr* - 2]

Q= (13)

In the region of regimes close to vapor ones the

structure of the dependence {12) changes:
— Oy
0= kvs(?— ). (14)

The control of supply in the artificial cavitation
regime is restricted by values onin = gD,/ V02 and
occurrence of vapor cavitation at

_2(P-P)
==
In the vapor cavitation regime it is possible to con-

trol the cavity by varying the cavitator drag Cyo
according to dependencies

o< oy

: (15)

—R—c—: ———————-Cxo(l-’-a) ’-L—Czl C;o(l‘f‘o')lnl.
ko oV o
(16)
The cavity control at use of cavitator with channel
[8] is possible "also to be realized by varying the
fluid rate through the cavitator.

The dependence of the cavity part length formed
by jet on the velocity of jet directed against the
flow is submitted in Fig. 7. A supercavity formed
by water jet in working part of the hydrodynamic
tunnel designed at the THM UNAS is presented in
Fig. 8. We note that the cavity separation from the
nozzle does not correspond to the scheme of jet col-
lision against the critical point, where pV2 = pV{Z.
Vo = 0.75V according to the experiments. This
corresponds to the scheme of jet collision with for-
mation of critical region without points of braking.
Thus, Vp is close to the value determined from ratio
pVE = 2pVE; Vo = 0.705V.

The cavity boundary shape calculated by computer
program CAVAR is submitted in Fig. 9. The pro-
gram permits the axisymmetric cavity shape for
the body with channel to calculate in dependence
on the fluid rate through the channel [8].

6. MOTION OF BODIES IN SUPERCAV-
ITATING FLOW REGIME

Thus, the body locating in the cavity can suffer not
only the hydrodynamic force applied to the cavita-
tor and also aerodynamic and spray forces of in-

teraction with vapor filling the cavity and sprays

near the cavity boundary. Equations of the body
motion in-the cavity in the general case have the

form v
m <—&{-— + wyV; ~ szy> =

V2
= (Czosc + C:ppSp + (.7353) E.Z_'*'
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m( o +sz,—w$Vz)=

' 2
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2
Cyv pLV— S.suf ’

m (d;;z +wyVy — wa,> =

pV2
2

= (CySc + Cyp Sp + C,S;)

V2
Cyv pL"_ Ssuj )

dw

Iyd

+wew,(I; - I) =

pV2

= (CmScLc + CrmpSpLp + Cins S,

D) SsujLsuj ) (17)

I, —%—z— + wewy(fy — I) =

2
(CmsSeLe + CrupSy Ly + Coms Ss L) Pom ”V

p V2

+ Cmy '—Q"Ssqusuf .

Here V., V},V, and w;,wy,w, — are projections
of the velocity V' and the angular velocity w onto
the axes of the connected system of coordinates
X,Y,Z; I;, I, I, are the moments of inertia about
correspondmg axes; and indexes "v”, ”s”, "p” re-
fer respectively to pa.ra.meters of vapor, spray and
planning interactions.

Using these equations, we have worked out the pro-
gram STABILITY for computer simulation of the
supercavitating body dynamics. This program al-
lows the motion stability to investigate at given
model shape, its mass, the initial motion condi-
tions and also under action of external perturba-
tions.
following program modules:

”Inputdata” is the module of interactive input of
model shape and initial parameters of motion;
”Dynamic” is the module of integration of a sys-
tem of ordinary differential equations with respect
to coordinates, velocity components, the angular
velocity and pitch angle of the model [12];

The software STABILITY consists of the -
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”Cavity” 1s the module to compute current cavity
shape;

"Force” is the module to calculate forces of vapor,
spray and planing interactions acting to the model;
"Plot” is the module to plot on the PC-screen cur-
rent location of the model, cavity boundaries, as
well as graphs of varying parameters with respect
to time.

The software STABILITY permits due to computer
experiment the model motion stakility to check un-
der effect of various perturbations. The fragment
of PC screen copy during work of program STA-
BILITY on simulation of influence of sine wave os-
ciliations of the body of revolution in the cavity on
its boundary shape is shown in Fig. 13.

The result of numerical simulation of influence
of the external pressure impulse on supercavity
boundary shape is submitted in Fig. 14.

The complexity of the body dynamics calculation
in the cavity consists that the coefficients of hy-
drodynamic, aerodynamic and spray forces should
be defined previously for a particular body and a
cavity. Thereto all the coefficients of forces and
moments (except for forces on the cavitator) are
lag time functions with respect to the instant an-
gle of the object deviation. The value of delay is
determined by velocity of perturbation distribution
along the cavity V., and distance L from the cavi-
tator to location of their effects on the object body:
t3 = L/V

Nevertheless, we have proved experimentally that
the stable motion of supercavitating models is pos-
sible with all velocities from ~ 70 m/s up to the
sound velocity in water a = 1460 m/s [1]. The
analysis has shown that the four different mech-
anisms of motion stabilization sequentially act at
the motion velocity increase.

6.1. Two-cavity flow scheme (Fig. 10a), V ~
70 m/s.

In this case the hydrodynamic drag center is placed
behind the mass center, and stabilizing moment of
the force Ly acts to the model. It means that the
classical condition of the motion stability is ful-

filled.

6.2. Stationary hydroplaning along the cav-
ity internal surface (Fig. 10b), V ~ 50 = 200
m/s.

In this case the model tail hydroplanes along the
lower internal cavity surface to compensate the
buoyancy losses. As a result the motion is also sta-
ble as a whole, but the low-frequency oscillations
of the model in the vertical plane and stability loss
are possible. The finite velocity of the perturbation
spreading from cavitator along the cavity boundary



20-6

1s the cause of that.

6.3. Impact interaction with cavity bound-
aries (Fig. 10c), V ~ 300 + 900 m/s.

The initial perturbations of the model attack angle
and its angular velocity cause to the impact of the
model tail against the internal boundary of super-
cavity. The numerical simulation has shown that
“the model can perform steady or damped oscilla-
tion after this impact. These oscillations are ac-
companied by periodic impacts of the model tail al-
ternately against the upper and lower cavity walls.
Then the motion can remain stabie as a whole.

An example of calculated dependence of the model
pitch angle ¥ and the vertical component of the
inertia center velocity of the body V,, on the di-
mensionless path s is presented in Fig. 1la. The
frame of the experimental cinegram is shown in Fig.
12. It demonstrates the cavity disturbed shape at
motion of similar type (the model moves from right
to left, V = 890 m/s). Three-dimensional spiral os-
cillation of the model in the cavity about its mass
center is possible as well.

6.4. Aerodynamic interaction with vapor-
spray medium of cavity (Fig. 10d), V ~ 1000
m/s and higher.

The aerodynamic forces due te the model interac-
tion with vapor filling the cavity and spray stream
near the cavity boundaries affect on the body mo-
tion with very high velocities. The clearance be-
tween the body surface and the cavity boundary is
usually small compared to the cavity radius. That
1s why, we use the known methods of near-wall
aerodynamics to estimate arising forces. The anal-
ysis testifies to favourable influence of the internal
cavity boundaries on the body motion stability.

6.5. Statically stable cavitators.
We have shown theoretically that the model self-
stabilization in a supercavity is possible due to the
specially so called statically stable shape of the cav-
itator [19]. Fig. 15 demonstrates a stable region for
concave wedges having a semiangle 8 > 90°. Con-
cave wedges belong to the self-stabilizing cavitators
because

% >tana  for 8> 90°.
It means that the returning momentum M appears
every time at o # 0 and tends to turn the cavitator
back to the initial position, when « = 0. This
stabilization mechanism can be effective at small
initial perturbations of the model motion (see Fig.

11b).

REFERENCES
‘1. Savchenko, Yu.N., Semenenko, V.N., Sere-
bryakov, V.V., " Experimental Investigation of De-

veloped Cavitating Flows at Subsonic Flow Veloci-
ties”, Dopovidi AN Ukrainy, 2, 1993, pp 64—69 (in
Russian)

2. Savchenko, Yu.N., "Hydrodynamics of Sepa-
rated Flows” in ” Applied Hydrodynamics”, Kiev,
USSR, 1989, pp 169—191. (in Russian)

3.Savchenko, Yu.N., Semenenko, V.N., Sere-
bryakov, V.V., ”"Experimental Check of Asymp-
totic Formulae for Axisymmetric Cavities at o —
0” in "Problems of high-speed hydrodynamics”,
Cheboksary, Russia, 1993, pp 117 — 122. (in Rus-
sian)

4. Logvinovich, G.V., "Hydrodynamics of Flows
with Free Boundaries”, Kiev, USSR, Naukova
dumka, 1969, 208 P. (in Russian)

5. Savchenko, Yu.N., ”On Motion in Water in Su-
percavitating Flow Regime”, Hydromechanics, 70,
1996, pp 105 — 115. (in Russian)

6. Savchenko, Yu.N., Savchenko, V.T., ”Unsteady
Motion of Disk at Collapsing Cavity Presence”, Hy-
dromechanics, 34, 1976, pp 35—38. (in Russian)

7. Deynekin, Yu.P., ”Shotting Body by Vapor-Gas
Catapult”, Hydromechanics, 66, 1993, pp 40—44.
{(in Russian)

8. Deynekin, Yu.P., ”Cavitating Flow around Bod-
tes with Channel”, Hydromechanics, 68, 1993, pp
156—165. (in Russian)

9. Yakimov, Yu.L., ”Slender Cavity in Compress-
ible Fluid” in ”Problems of modern mechanics”,
Moscow, USSR, 1983, pp 66—73. (in Russian)

10. Savchenko, Yu.N., ”Some Special Cases of
Flows Over Bodies”, Fluid Mechanics — Soviet Re-
search, 21, 1, 1992, pp 131-136.

11. A.c. 1710445 USSR, ICI 5B54C 3/14 Aerofoil
/ Yu.N., Savchenko, S.I., Putilin, V. T., Savchenko.
— Publ. 07.02.92, N5.

12. May, A., "Vertical Entry of Missiles into Wa-
ter”, J. Appl. Phys., 23, 2, 1952, pp 1362—-1372.

13. Varghese, 1.S., Uhiman, [.S., Kirschner, I.N,,
» Axisymmetric Slender Body Analysis of Super-
cavitating High-speed Bodies in Subsonic Flow”,
Papers of Third International Symposium on Per-

formance Enhancement for Marine Applications. —
Newport RI, USA, 6 — 8§ May 1997.

14. Cnapp, R.T., Daily, J.W., Hammitt, F.G.
"Cavitation”, New York, USA, Mograw—Hill Book
C°, 1970, 687 P.

15. Bielotzerkovsky, S.M., ” Slender Lifting Surface



in Subsonic Gas Flow”, Moscow, USSR, Nauka,
Glavnaya redaktziya fiziko-matamaticheskoy liter-
atury, 1968, 511 P. (in Russian)

16. Loytzyansky, L.G., "Mechanics of fluid and
gas”, Moscow, USSR, Nauka, Glavnaya redaktziya
fiziko-matematicheskoy literatury, 1970, 904 P. (in
Russian)

17. Vasin, A.D., ”Slender Axisymmetric Cavities in
Sub- and Supersonic Flows of Compressible Fluid”
in ” Proceedings of Third Workshop on High-Speed
Hydrodynamics”, Krasnoyarsk, Publ. of Krasno-
varsk polytechnical institute, 1987, pp 58—62. (in
Russian)

18. Aliev, G.A., "Breaking Flow Around the Cir-
cular Cone by Transonic Water Stream™, Izvestiya
AN SSSR, Mechanics of fluid and gas, 2, 1982, pp
152—154. (in Russian)

19. Savchenko, Y., Semenenko, V., Naumova, Y.,
Varghese, A., Uhlman, J., Kirschner, 1., "Hydro-
dynamic Characteristics of Polygonal Contours in
Supercavitating Flow”, Papers of Third Interna-
tional Symposium on Performance Enhancement
for Marine Applications.—Newport RI, USA, 6-8
May 1997.

20-7



20-8

c

Fig. 1. Schemes of supercavitating flow around bodies: a'— with partia! wash off the
body ; b — with nose cavitator and free location of a body in a cavity; ¢ — with jet
cavitator without contact points of a body and a free cavity boundary.

b

Fig. 2. Action of forces to a body of revolution: a a regime of continuous flow with
formation of the stabilizing moment M, = LW sinc; b a regime of cavitating flow with
formation of destabilizing moment M, = LW sin a.
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Fig. 3. Scheme of flow around a two-medium wing [11] in supercavitating regime;
Py, P,. are components of the hydrodynamic force vector; P, P, are components of the
aerodynamic {orce vector.

Fig. 4. Photograph of supercavity past a model having cone shape with disk cavitator:
V = 1000 m/s; L; =12 m; D, = 3 mm; & = 104.

1.0 15 v, /L

[ig. 5. An elliptic cavity shape: experimental points at o = 107*, Fr = = 10* + 10°,
M = 0.3 = 0.93; a curve is the asymptotic contour of jet spreading [3].
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Fig. 7. Experimental dependence of the jet part length of a cavity L; on jet velocity
V=Vi/Ve; Lo=0 at V; =V =0.T6V,.

Fig. 8. Supercavity formed by water jet coming from the opposite direction.
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Fig. 14. Result of numerical simulation of influence of the external pressure impulse on
a cavity boundary shape, current coordinates z/R, = 73.0, tVo/R, = 89.707.
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Supercavitating Flows at Supersonic Speed

én Compressible Water

A.D.Vasin
State SRC TsAGI
18 Radio str., Moscow, 107005
Russia

In the beginning I notice basic results obtained in
the theory of supercavities in compressible fluid,
then I notice the features of supersonic flow.

Since 1980 in the USSR interest has arisen to super-
cavities in compressible fluid. On the basis of the
slender body theory works have been made, these
are Yakimou’s works [1, 2]; mine (3, 4] and Sere-
bryakov’s works (6, 6]. On the basis of the early nu-
merical method Al’ev [7] has calculated cavity past
a thin cone. The recent development of numerical
methods and the widespread use of computers has
made it possible to calculate compressible cavita-
tion flows efficiently. It should be noted works have
been made recently: Kiselev’s [8] and mine [9, 10].

Now I stop on some my results. On the basis of the

slender body theory axisymmetric supercavities in

- subsonic and supersonic flow of compressible fluid
have been considered [3, 4]. Riabouchinsky scheme
was applied and the condition that the cavitator
is very small in comparison with the cavity was
used. The cavity shape was defined and the rela-
tionship between the cavity aspect ratio and the
cavitation and Mach numbers was derived. Basic
result concludes that an ellipsoid of revolution is
the first approximation of cavity shape (how in the
incompressible fluid). However, application of the
slender body theory to the supersonic cavitation
flows has some features. I'll speak about that be-
low. It should be noted that for blunt cavitators,
such as a disk, a blunt cone, slender body theory
gives no way of obtaining the complete data for the
cavitation flow, for example, the cavity shape im-
mediately downstream of the cavitator and the cav-
itation drag. Moreover, the linear equation for the
potential of compressible fluid flow past slender ax-
isymmetric bodies is inapplicable on the transonic
velocity range. '

I have designed a numerical method of calculat-
ing compressible subsonic and supersonic flow over
a wide range of cavitation numbers. Scheme of
method is shown in Fig. 1. As the main equation

we use the equation of continuity. We take the den-
sity - velocity relationship from Bernoulli equation.
Riabouchinsky scheme was applied, in this scheme
the cavity is closed by a disk of the same dimensions
as the cavitator disk. In view of the flow symmetry,
we will examine the flow in a meridional plane. The
problem consists in determining the shape of the
boundary M N satisfying the constant velocity and
impermeability conditions for a given cavity length
Lk (Fig. 1, where AM is the cavitator disk, NB in
the closing disk, CF ED is the external boundary).

We assume the flow to be potential. In the case
of supersonic flow the shock waves appear, line 1 is
the head shock wave arising in front of the disk, line
2 is the back shock wave going away from the edge
of closing disk. However, the appearance of shock
waves does not break the condition that the flow is
potential. In water.over a wide range of pressures
a shock adiabat agrees with static one, expressing
by- Tate equation. The analysis has shown that we
can assume the shock waves as isentropic and the
flow as potential when Mach numbers are less than
2.2. '

We apply a finite-difference method to solve conti-
nuity equation. To make the formulation of the
boundary conditions at the cavity surface more
convenlent, it makes sense to map the computa-
tional domain onto a.unit square in €,7 coordi-
nates. As distinct from the subsonic flow we ap-
ply the artificial viscosity in order to the difference
scheme will be stable in the supersonic area. The
artificial viscosity is introduced as modification of
density expression. ’

The nonlinear system of equations, obtained as a
result of the discretization, was solved using the
iteration method with approximate factorization.
Before proceeding to the calculations, the first
approximation for the cavity shape between the

" points M and ‘N was preassigned and the compu-

tational network corresponding to the given cavity
was constructed in the z, r plane using an algebraic

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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mapping technique. The velocity Vk on the cavity
surface was determined in each iteration stage us-
ing the values of potential &y, Ppr at the points N
and M, Sn is the arclength between these points.
The iteration procedure turned out to be conver-
gent; the discrepancy diminished and the potential
increment vanished as the number of iteration cy-
cles increased. However, in general, the solution
thus obtained did not satisfy the impermeability
condition on the cavity surface. The cavity shape
was varied using the differential equations which
corresponding the condition of equality of the nor-
mal velocity 8®/0n to zero. For the subsonic flow
the first order differential equation was used, for
the supersonic flow the second order one was used.
The cavity shape thus obtained satisfied both the
constant velocity condition and the impermeability
condition.

Calculation of supercavities downstream of a disk
within the range of Mach numbers 0 < M < 1.4 has
been performed. The numerical analysis was per-
formed for cavity constant length, corresponding to
cavitation number 0.02 for incompressible fluid. As
a result of the analysis for different Mach numbers,
the following was defined: cavitation number, cavi-
tation drag ratio, mid-section radius, cavity shape,
distance of shock wave from a disk (for supersonic

flow).

Let us consider the basic results. For the subsonic
flow the cavity shape in the vicinity of the disk
is shown in Fig. 2. The continuous curve repre-
sents the Guzevsky’s calculations [11] for incom-
pressible fluid (M = 0). My results are shown by
points for the different Mach numbers. In Fig. 3 we
compare the cavity profiles in compressible and in-
compressible fluids for the same cavitation number
o = 0.0235. The continuous curve corresponds to
the cavity profile in a compressible fluid calculated
by the numerical method for M = 0.8; dotted line
curve corresponds to the cavity in an incompress-
ible fluid calculated by Logvinovich’s formula [12].
For the subsonic flow the numerical results agree
well with my results of slender body theory [3].

For the supersonic flow the cavity shape in the
vicinity of the disk is shown in Fig. 4. It can be seen
that for the supersonic flow the cavity in the initial
region is narrower than for the incompressible flow.
I'll speak about reason of this effect below. In Fig.
5 we compare the cavity profile in the supersonic
flow and incompressible fluid for the same cavita-
tion number ¢ = 0.0308. The continuous curve cor-
responds to the cavity profile in a compressible fluid
calculated by the numerical method for M = 1.2;
dotted line curve corresponds to the cavity in an
incompressible fluid. The positions of head shock
wave and the sound line (on which M = 0) were de-
fined in the numerical calculation. As an example,

in Fig. 6 the position of head shock wave is shown
for Mach number equal 1.1. Line 1 corresponds
to the head shock wave; line 2 corresponds to the
sound line; line 3 corresponds to the profile of head
part of the cavity. Mach-number-dependence of the
cavitation drag coefficient of the disk is shown side
by side. '

It should be noted that the results of the numeri-
cal calculation were checked on the satisfaction of
the mass and impulse conservation laws. The test
showed a good accordance. For the supersonic flow
the cavity shape defined by the numerical calcula-
tion is close to an ellipsoid of revolution. It agrees
to my results of slender body theory [4]. However,
results of nonsymmetry of shape (mid-section dis-
placement relatively middle of cavity) do not agree.
Probably the slender body theory is not applicable
to the second approximation for the cavity shape.
Really, the first approximation (ellipsoid of revo-
lution) is not the slender body in the head part,
where the shock wave arises. The shock wave is not
described by the small disturbance theory. This is
the first feature of application of the slender body
theory to the supersonic cavitation flows, which 1
wish to note.

Let us consider axisymmetric cavitation flow past
the thin cones in compressible fluid. We apply
the slender body theory and Riabouchinsky scheme.
We can deduce an integral-differential equation for
the cavity profile. We can solve this equation us-
ing the method of expansion into asymptotic rows.
For the cone with semiangle equal 6° results of so-
lution are shown in Fig. 7. Subsonic flow is shown
in upper picture, supersonic flow is shown in under
picture. Dotted line curve corresponds to the first
approximation for the cavity shape, the continuous
curve corresponds to the second one. It can be seen
that the slender body theory is applicable for the
subsonic flow, as the second members of asymp-
totic row are smaller than the first ones. However,
for the supersonic flow such correlation is broken.
The second approximation essentially differs from
the first one.

The analysis of this effect has shown, that the slen-
der body theory does not agree the flow at the edge
of cone. In the supersonic flow the Prandti-Meyer
stream arises at the edge. The stream must turn
away by the angle dependent on pressure in the
cavity or cavitation number. The incline of free
stream line is fewer than the semiangle of cone. It
agrees with my results of numerical calculation of
cavity past a disk, which have shown some narrow-
ing of cavity in the head part. The second feature
of application of the slender body theory consists
in discrepancy to the stream at the edge in the su-
personic flow.



In my report I have spoken about my basic results
obtained in the theory of supercavities in the com-
pressible fluid. Also I have noted some features of
application of the slender body theory to the su-
personic cavitation flows.
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Computer Simulation of Unsteady Supercavitating Flows

V.N.Semenenko
National Academy of Sciences — Institute of Hydromechanics
8/4 Zhelyabov str., Kyiv, 252057,
Ukraine

1. SUMMARY

A mathematical model of unsteady axisymmetrical
supercavity and an algorithm of numerical solution
as well as corresponding computer programs are
described. Examples of computer simulation of the
unsteady supercavitating flows are presented.

2. INTRODUCTION

The unsteady supercavitating flows are distin-
guished by complexity of physical processes and
difficulty of mathematical descriptions. We use a
complex approach to investigate these flows. It is
a combination of the physical experiment with a
high-speed shooting of unsteady cavities and their
computer simulation.

We solve the following three problems by computer
simulation: 1) test of hypothesis about actions of
various physical causes on the unsteady process;
2) more precise definition of both the mathematical
model of the process and the calculation algorithm;
3) statement of the ”computer experiment” with
a visualization of the unsteady process on a PC-
screen.

The computer simulation have played a positive
role for the work out of problems on the high~
speed underwater model design and the right ar-
rangement of the water entry. As a result, we have
attained experimentally the speed of the model mo-
tion in water upwards of 1300 m/s [1].

3. MATHEMATICAL MODEL

The necessary condition for a development of pro-
grams for computer simulation is the use of rather
simple mathematical models and ”fast” computa-
tion algorithms. We use the approximate equa-
tion of the expansion of axisymmetrical cavity
sections based on the independence principle by
G. V.Logvinovich [2, 3] (in dimensionless form):

6_555_0 = -2 @ -0 +B ). ()

Here, z—1(t) < £ < z, Sisthe area of the section
£, < tis time of the section £ formation, ky is
the empirical constant, P, is the cavity pressure,
P, is the external water pressure perturbation, z

is the cavitator coordinate, [ is the cavity length
(see Fig.1).
The Eq. (1) should be integrated for ¢ > 7 with
initial conditions:

nD2 aS(r, 1)

S(Ta T) = 1’ ot = S(O)’ (2)

where D, is the cavitator diameter, $(0) is the ini-
tial velocity of the cavity section expansion, which
is defined by the cavitator shape and the instant
model velocity V', but does not depend on the cav-
itation number. We choose the constant k; and
S(t,t) so that the known asymptotic expressions for
both the cavity mid-section diameter D, and the

cavity length by P.R.Garabedian [4] are fulfilled:

D.= D, c—z, lz&wczlnl, c—0.
o o o )

(3)
Here, c; is the cavitation drag coefficient, o =
2(pso —pc)/pV? is the cavitation number. We have
confirmed experimentally the validity of asymp-
totic formulae (3) for models with disc cavitators,
moving with velocities 300 + 1300 m/s [1].

The Eq. (1) describes the main part of the pro-
late cavity. It is incorrect for the upper end of
cavity part with a length of several cavitator diam-
eters. We set the shape of the upper end of cavity
by empirical exponential function [2] for the better
correspondence with experiment:

2R 6z § z
E—_(1+B:), E—;<1T2. (4)

The cavity shape given by expressions (1), (4)
should be matched at =z ~ D,,.

The independence principle of the expansion of ax-
isymmetrical cavity sections was repeatedly tested
by means of comparison with experiment. It
was shown that the approximate equation (1) ad-
equately describes the unsteady supercavitating
processes for various conditions. We have made
an experiment on passing of supercavitating model
through the thin steel sheet with the velocity about

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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900 m/s. High-speed shooting shows that the ob-
stacle does not influence on a cavity shape. This
result gives us the experimental substantiation of
the independence principle in the case of very high—
speed motion.

Besides the main Eq. (1), the mathematical model
can include the mass of gas in the cavity balance
equation during its isothermal expansion:

Z1(8-31) Q) = Bléim — doue®].  (5)

Here, B8 = Eu/oo, @(t) = o(t)/oo, Eu =
2poo/pV? is the Euler number, o is the initial
cavitation number, @ is the cavity volume, ¢;,
and ¢oy:(t) are the based on free-stream pressure
volumetric air-supply rate into the cavity and air—
leakage rate from the cavity (for ventilated cavi-
ties).

We also use the equation of supercavitating body
motion on inertia:

dV._ 1  prDjcso
dt ~ Fr2 8m

2H (2)

v? + Parm + W

- pc (t)

(6)
Here, Fr = V/\/gD, is the Froude number, g is
the gravity acceleration, m is the body mass, cgg
is the cavitation drag coefficient at ¢ = 0, 7,,,,
is the atmospheric pressure, H = const when the
motion is horizontal, H = z(t) when the motion
1s vertical.

4, NUMERICAL ALGORITHM AND
COMPUTER PROGRAMS
We develop two types of the computer programs:

1) The programs enable to compute quickly the
cavity shape and all necessary flow parameters
for various combinations of the parameters. In
this case, the convenience of data input with PC-
keyboard is considerable. The computation result
must be quickly display in the graphic form com-
fortable for perception. Our program SUPERCAV-
ITY is an example of such program.

2) The programs enable to carry out ”the com-
puter experiment” with dynamic display of the
non-stationary’cavity shape and another necessary
information at the program run-time. Our pro-
grams ENTRY, STABILITY, PULSE, DIVE are
examples of such programs.

Our programs could be used on widespread desk-
top computers with moderate capacity. They have
a comfortable user’s interface including the menu
system, the window system of data input from PC-
keyboard, the graphic output of results on a PC~
screen too.

We construct the numerical solution of the system
of Eqs. (1), (5), (6) at sequential points of tra-

jectory (™ = z(*=1) 4 b, n =2,3,.. .. The initial
conditions are z(!) = 0, V() =1, ¢(1) = g, IV) =
lo. Computations at n—th step (i.e. at £ = nh) are
proceeded in following order:

1) The body velocity V(") is computed by Eq. (6).
The elapsed time t(®) is computed by equation:

t:o/%.

2) The areas of cross-sections §E") (when ¢ =
2,3, ...) are computed by Eq. (1) until the inequal-
ity —S_',(n) < 0 fails. The subscript value i =1 corre-
sponds to the cavity nose point. In this time mo-
ment, the position of the cavity tail point {(®) = ih
is determined. Then it is corrected by linear inter-
polation.

3) The cavity volume Q-(") is computed by numer-
ical integration of §§n) along the cavity.
4) The 7" - ?r'(l") is computed by Eq. (5). A few

- 1terations are fulfilled, if it is necessary.

We assume that a separation of the cavity part and
a jump of the function I(t) take place at the mo-
ment of confounding the upper and lower bound-
aries of the cavity contour. Just such behaviour of
cavity is observed in the experiments. The return
with one step h occurs when detecting the jump
of the function I(t). Then the moment of separa-
tion is determined more exactly with reduced step
hy < h. However, the cavity pressure p.(t) varies
continuously in this time. The total precision of
the numerical algorithm is equal to O(h;).

The contours of cavity and model are erased and
put again on thé PC-screen in each several steps.
As a result, the run—time animation of process is
presented. Simultaneously, the graphs of the veloc-
ity, the external pressure 7, (t), the cavity pressure
P.(t), etc., are plotted on the PC~screen. We can
compare this graphical information with the high—
speed movies of experiments.

5. EXAMPLES OF COMPUTER SIMU-
LATION

We present below some examples of the computer
simulation of the unsteady supercavitating flows for
different conditions.

5.1 High-speed motion of bodies in water
In experiments on high-speed motion of bodies in
water [2], the shape of the model must satisfy the
following requirements:

1) the model must continually be inside the natural
vapor supercavity; .
2) the supercavitating motion regime must be
structurally stable.

In this case, the process is described by two Egs.



(1), (6). We have developed the SUPERCAV-
ITY program for the automation of the calculations
when designing the models. In program, the com-
fortable user’s interface was realized. The follow-
ing characteristics are calculated for given model
shape and mass m, initial velocity Vp and the mo-
tion depth H:

1) the impact load Ppq, affecting the model;

2) the parameters of motion and the cavity shape
for any mark of the trajectory z;

3) the distribution of width of the circular clearance
between the model surface and the cavity bound-
aries.

For example, two fragments of the PC-screen
copies when the SUPERCAVITY program run-
time are shown in Figs. 2, 3.

5.2 Supercavity formation at high—speed
water entry

The unsteady processes of the supercavity forma-
tion at the water entry with the velocities of the
order of 1000 m/s continue parts of millisecond.
However, these processes exert the main influence
on the following motion. Shooting of the water en-
try in a number of experiments has shown that the
process of the supercavity formation usually passes
through the stage of cavity closure on the model
or behind it. If both the motion stability loss and
the model deformation do not happen in this case,
then the normal cavity formation continues.

We have assumed that the cause of cavity closure
after the water entry is the impulse increase of the
water pressure because of the model penetration
and the catapult gas action. Then Eq. (1) can
be used to compute the cavity evolution when im-
posing the external pressure impulse P, (). The

impulse shape should be calculated or taken from -

experiment.

To calculate the pressure field in water near the
cavity we suppose the validity of the principle of
freezing of free boundaries: in every moment of
penetrating the cavity can be replaced by solid
body with the same shape.

5.2.1 Water entry through a rigid wall

We consider the problem on the penetration of a
body of revolution through the round perforation
in a flat undeformable wall into the half-space filled
by ideal incompressible weigthless fluid. We con-
struct a solution in the stationary cylindrical co-
ordinate system (see Fig.4). The kinematic part
of problem consists of determination of the stream
function satisfying the boundary conditions at each
moment of time (for dimension variables):

_VR? VR2

P = 5 onthebody, ¢ = 2"‘ on the wall,

(7)
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where R(z,t) is the body radius, R, (t) is the wall
perforation radius.

Let the penetration velocity Vp is constant, h is
the step of the pushing of a body forward. We
distribute the ring sources with intensities g;, radii
r;, and center x—coordinates z; = zn, — jh/2, j =
1,2,...,N along the body surface (Fig.4). Here,
N is the number of steps that are made, z,, = Nh
is the current x—coordinate of the body nose point.
The stream function is determined by numerical
integration:

r

~ [ 0p
Y= /r—é—;dr + const, (8)
0

where ©@(zj,rj;z,r) is the sum of the potentials
of a ring source and its mirror reflection from the
wall. These potentials are expressed by total el-
liptic integrals of the first kind [5]. The arbitrary
constant in the Eq. (8) is chosen from the condi-
tion of equality of the total rate of sources to the
velocity of increase of the washed part of a body
volume Q3 (%):

N

d
2wy g = L8 9
i=

Thus, the problem at N-th step is reduced to the
determination of the intensities of the ring sources
from the system of linear equations (in dimension-
less form):

R2

N
> 4%(z;, Ry, R) = ==, i=1,2,...,N.
j=1

2’ o

(10)
The dynamic part of the problem consists of de-
termination of the water pressure by Cauchy -
Lagrange equation. The graphs of the pressure
on the body nose point (x,,0) for a sphere and
paraboloids of revolution r = a\/z, — z are shown
in Fig.5.

The described method of calculation was general-
ized for the case of variable body velocity V(t). We
use the calculated dependence p;(t) as initial data
for the Eq. (1) in the ENTRY program. The com-
puter simulation has shown that the arising of the
water pressure when penetrating the model causes
the local cavity closure and the annular washing of
the model. A fragment of the PC-screen copy at
the program ENTRY run-time is shown in Fig.6.
Here, z, R, are the cavitator coordinate and ra-
dius, Vp is the initial velocity of the water entry.
The model shape is plotted by thin lines, the cavity
shape is plotted by bold lines. For comparison, the
cavity contour is shown by dotted lines at absence
of the pressure perturbations.
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5.2.2 Water entry from within a gas—bubble
We assume now that the model enters the water
through the free boundary of gas—bubble previously
formed in water (see Fig.7). It is possible to calcu-
late exactly the water pressure in this case [6]:

P—Po. _ 2RR®+R*R R'R?
p r 2r4

(11)

Here, R(t) is the bubble radius, r > R(t) is the
current radial coordinate. Let the bubble pressure
is being supported as constant for some time. Then
substituting the r = R into the Eq. (11), we
determine the equation of bubble expansion:

SR’ + RR = PR (12)
R(0)=Ro;  R(0)=0.

On the other hand, if we know the function of bub-
ble expansion R = R(t), for example from experi-
ment, it, is possible to calculate the water pressure
for adoption in ENTRY program.

A fragment of the PC~screen copy showing the cav-
ity deformation when penetrating the model into
water from within the gas~bubble is shown in Fig.8.
It is assumed that the model velocity is consider-
ably greater than the bubble expansion velocity:
Vo > R. The cavity pressure is supposed to be
equal to the bubble pressure for initial stage of pen-
etration: p. = p;j. A comparison with experimen-
tal high—-speed shooting shows the good agreement
of the calculated and experimental cavity shape his-
tories.

5.3 Cavity deformations due to internal and
external perturbations

Simplified Eq. (1) allows us to calculate the un-
steady "axisymmetrical deformation of the cavity.
Using the methods of the theory of cavity perturba-
tions [2, 7) we also can calculate three-dimensional
cavity shapes in cases of nonsymmetric perturba-
tions that can be induced with gravity when a body
moves horizontally, or the presence of an angle of
attack of a cavitator.

The result of computer simulation of the influence
of the model angular oscillation about the center of
mass on the cavity shape is shown in Fig.9 (STA-
BILITY program). A fragment of the PC-screen
copy showing the effect of the external pressure im-
pulse on the cavity shape is shown in Fig.10 (the
underwater explosion simulation). The maximal
impulse pressure is attained at f = 80. In this case
the cavity closure with the washing of the model
occurs at a sufficient value of the pressure impulse
amplitude.

Earlier we have researched experimentally the ef-

fect of water pressure impulse on artificial cavities.

In those tests, the water pressure impulse was cre-
ated by an air.shot of a pneumatic catapult. The
similar kind of pattern of cavity deformations was
observed.

5.4 Self-induced and forced oscillation of
ventilated cavities

The gas-filled supercavities. have properties of the
dynamic oscillation system with distributed lag
time. First the phenomenon of self-excited pul-
sation of two—dimensional ventilated cavities was
discovered and investigated experimentally [8, 9].
In the paper [10] this phenomenon was explained
theoretically according to the linear theory of sta-
bility on the basis of approximate Eqgs. (1), (5). We
have exactly solved a problem on instability of the
two-dimensional supercavity [11]. We have shown
theoretically that two—dimensional and axisymmet-
rical cavities have similar of kind dynamical prop-
erties. The obtained in [11] results are good agreed
with the experimental data [8].

If the mass of gas in cavity is constant the axisym-
metrical cavity has the following fundamental re-
duced frequencies:

(xn)?

:Bn=1+__6_')

k, =2mn at n=12...

(13)
Here, k = wly/Vx, w is the circular frequency.
The cavity is unstable when g > 2.645. Kine-
matic waves arise on the cavity boundary as a re-
sult of the cavity pressure pulsation. They spread
along the cavity with a velocity about V. In this
case I./An = kn/27 = n waves pack on the cavity
length.

We used the quasi-stationary semiempirical law

 for the air-supply rate to the cavity and the air-

leakage rate from the cavity [2] in the Eq. (5).
This law was obtained in the case of weak action
of gravity:

. Oy
din = 750 (0’— - 1) y (14)

0

Gout(t) = ¥Sc(t) (% - 1) :

Here, v = 0.01 = 0.02 is the empirical constant,
S, is a mid-section area of the stationary cavity,
oy ® Eu is the cavitation number for the vapor
cavity.

The PULSE program package was developed for
the numerical solving of the system of the nonlin-
ear Egs. (1), (5) and the statistical analysis of
the results. There are detailed description of the
numerical algorithm and analysis of the computa-
tion result in our paper [12]. Calculations have
shown that oscillations are developed in the dy-
namic system (1), (5) if the values of the parame-
ters v, Bo belong to the linear instability region. As



a result, the stationary regime (mode) of periodic
or quasi—periodic self-induced oscillations is estab-
lished with disconnected dependence I(t). Power
spectral density (PSD), normalized autocorrelation
function and other statistical characteristics are
calculated for the time series &™) = g(t("), 1M =
1(t(™). It is shown, that new frequencies and their
linear combinations are appeared in the spectrum
P,, when the bifurcational parameter go = o Gin
increases. This corresponds to attainment of higher
modes of the cavity pulsation. The spectrum p,
becomes more complicated for every mode, but the
main harmonic is varying weakly. The linear the-
ory {10, 11] gives the same behaviour of the cavity
pressure.

The estimation of limits of the self-induced oscilla-
tion modes according to the linear theory is shown
in Fig.11. In this case 5y = 0, i.e. the mass
of gas in cavity is constant. The results of com-
puter simulation are also plotted by circles. The
PC-screen copy is shown in Fig.12 at the program
PULSE run-time. The transformation of spectrum
of the cavity pressure oscillations p, = # — 7 is
shown in Fig.13, when the bifurcation parameter
go increases (y = 0). When 0 < ¢¢ < 1.2, pe-
riodic oscillations (mode I or the limiting cycle)
with a disconnected dependence {(t) is established
(Fig.13,a). Corresponding phase portrait @({) is
shown in Fig.14,a. When ¢¢ &~ 1.2, the mode II of
composite quasi-periodic self-induced oscillations
arises spasmodically. As a result, the main har-
monic is approximately doubled (Fig.13,b). The
spectrum ‘in Fig.13,c corresponds to the mode III.

When the mode II replaces the mode I, the oscil-
lation energy is abruptly removed to the low fre-
quencies in the spectrum I(t). Then the cavity
length oscillations become like chaotic. Influence
of parameter vy.on the cavity pulsation consists in
some decreasing the amplitude and the phase lag
between the cavity pressure oscillation and the cav-
ity length oscillation. The phase portraits & ({)
for the increasing values of 7y are shown in Fig.14
(g0 = 0.4, mode I).

The PULSE program also simulates the effect of
the external pressure P, () oscillation on the gas—
filled cavity pulsation. Fig.15 shows an example
of acting the forced oscillations 7,(t) = «sink;t
with various frequencies to the self-induced cavity
oscillation (y = 0, g0 = 0.8, £ = 0.1). Corre-
sponding spectrum p.(t) at absence of the external
perturbation is shown in Fig.13,a. The modulation
for k; <« ky (a), the synchronization for k; ~ ks
(b), or the ”chaotisation ” for k; > ki) (c) of
the periodic mode are observed in dependence on
relation between the forced frequency I~cf and the
cavity self-induced oscillation frequency k;. Here,
the reduced frequencies are referred to the cavity
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average length ;.

5.5 Vertical water entry through the free
water surface

It is known that in the case of vertical water pen-
etration, the surface closure or the depth closure
of a cavity takes place in dependence on the initial
entry conditions [13]. It is shown in experimental
work [14] that both the drag coefficient and the
cavity shape near the cavitator cease to vary after
the depth equal to 1.5 =2 of cavitator diameters at
high-speed water entry. Thus, the influence of the
free water surface on the cavity shape spreads only
on the depth of cavitator diameter. This result
gives us the experimental justification to use the
simplified calculation model (1) — (6) for a com-
puter simulation of water entry of models through
the free surface.

5.5.1 Wave formation on cavity

Earlier we have experimentally discovered the phe-
nomenon of wave formation on the cavity during
the vertical water penetration of bodies [15]. The
experiments are made in the water tank 2.0 x 1.0 x
0.6 m. The cylindrical models of different diameter
D and angle of conic head a were thrown down in
the tank. The velocity of water entry Vy was 5 +
10 m/s in different experiments. The process was
recorded by shooting.

The analysis of pictures has shown that 1 — 5
waves usually appear on cavities at once after the
cavity depth closure. The wave number and the
wave intensity depend on each of the parameters
Fro = Vo/v/9D, o (i.e. ¢z ), Eup = 2patm/pVg,
also on the severity of cavity blocking up by the
model. :

We have applied the results of linear theory of
the gas—filled cavity stability to explain this phe-
nomenon. We have shown that its cause is the ex-
citation of a fundamentalal oscillation of cavities
filled by atmospheric air. We have obtained a sim-
ple a priori estimation of a wave number N in the
case of sufficiently great both the body mass and
the Froude number Frg:

1 [2EugFr, B
N~W,/-—B-—, B=y/ve.  (15)

The calculation model of this process includes all
three Egs. (1), (5), (6). Their solution is calculated
for each time step by the use of the Steffensen itera-
tive process (DIVE program). Results of computer
simulation of the cavity transformation at vertical
dive of a disk and cones give a good agreement with
both high-speed shooting the experiments and the
a priort estimation (15). The dependence of the
cavity length [ and the cavity pressure p, on the
cavitator depth x are shown in Fig.16. The dot-
ted line corresponds to the {(z) computed without
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taking into account the elasticity of the air filling
the cavity. A comparison of the calculated and the
experimental cavity shapes is shown in Fig.17 at
sequential times.

5.5.2 Near—surface closure of cavity

We have experimentally shown that the near-
surface closure of the cavity behind the body oc-
curs for the water entry velocity about 100 m/s. It
is caused by the impulse increase of the water pres-

sure. It is important that mechanism of this closure -

differs fundamentally from the known surface clo-
sure of cavities, which is caused by the pressure re-
duction in the cavity throat due to flowing of atmo-
spheric air into cavity [13]. This phenomenon de-
velops especially brightly in experiments on high—
speed entry of models into the bounded water vol-
ume. A comparison of the calculated and exper-
imental cavity shapes is shown in Fig.18, when
D, = 16 mm, V = 84 m/s. The waves are not
formed on the cavity during the further dive. Such
behaviour is predicted correctly by the a priori es-
timation (15). The DIVE program also simulates
this process. ,

6. CONCLUSIONS

Our computation experience and the comparison
of obtained results with experimental data show
that the approximate Eqs. (1) — (6) correctly
predict the unsteady supercavitating flows for var-
ious conditions. We use all accumulated compu-
tation experience for development of the STABIL-
ITY software for computer simulation of the su-
percavitating model dynamics. In this program,
we have taken into account the interaction of the
model body with both the internal cavity walls and
the gas—vapor-spray medium filling the cavity.

The computer simulation has shown that the model
can execute the steady or damped oscillations in
cavity after the impact its tail against the inter-
nal cavity wall. In this case the motion can be
stable ”as a whole”. Also the aerodynamic forces
due to model interaction with both the vapor fill-
ing the cavity and the spray stream near the cavity
walls can affect on the motion with very high speed,
if the clearance between the body surface and the
cavity walls is sufficiently small. We have shown
theoretically that the model self-stabilization in su-
percavity is possible also due to specially so called
”statically stable” shape of the cavitator [16].

The STABILITY software investigates the stability
of the supercavitating model motion ”as a whole”
for given cavitator and body shape, model mass,
initial conditions of motion (i.e. the pitch angle
and the angular velocity), and also when acting
external perturbations.
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SOME PROBLEMS OF THE SUPERCAVITATION THEORY
FOR SUB OR SUPERSONIC MOTION IN WATER

V.V, Serebryakov
Institute of Hydromechandes of NASU
814, Zheliabov Str., Kylv, 252057, Ukraine

SUMMARY

Main concepts, results and methods of the linearized
Theory of axisymmetric supercavitation are presented on
the basis of the Slender Body approximation in
incompressible fluid. Because of considerable increase of
possible velocities of motion in water up to values
comparable with the sonic velocity, an effort is made 10
apply the developed here approach to the analysis of
supercavitation flows taking into account basic effects of
compressibility.

L F SYMBOLS

nx cylindrical frame of coordinates

r= R(x) axisymmetric cavity form

r=1(x) axisymmetric cavitator form

R, (Ry)  maximal cavity radius

1. cavity length

t,x, Ry cavitator length, coordinate of streamlines

separation section and cavitator radius at
this section

L=¢+L, lengthofthe system cavitator-cavity

Ry, Ly, 3 - maximal radius, semi- length, aspect ratio
of slender cavity behind small cavitator (in
particular disk for & = const )

k coefficient in formula for Ry

U, Uy prolong speeds in free flow and at infinity

u,v axial and radial components of speeds
perturbations

¢ . speeds potential

L4 perturbation of speeds potential

2,8, - sonic speed in flow and at infinity

My = Uy /2, Mach Number

BZ =1- M2

B2 = M?-1

P,Bs, Py pressure in flow, at infinity and in cavity

AP =P-P, pressure difference in flow and in cavity
on a cavity surface

P Poo mass density in flow and at infinity

- AP . .
—pU%,, 7, Savitation Number

D cavitator drag

C4,Cao - cavitator drag coefficients for
c=const,c=0

Cp,Cp, - cavitational drag coefficients for cavity
middle section and for ahead cavity part
forg=0

g cavitator slenderness parameter (for cone
with semi-angle y, e = tgy

d~1/a cavity slenderness parameters what can be
given by different ways

e-2,718

SBT Slender Body Theory

MAEM Marched Asymptotic Expansion Method

L INTRODUCTION

Applying of supercavitation allows, while isolating a body
surface from water, 1o avoid viscous losses and to
decrease resistance considerably. The leasr values of the
cavirarional drag coefficiens Cp for a cavity middle
section (of a body compactly enough inscribed in the
cavity) are reached just for slender caviries:

Cp~o ~

21:; 1.1y,
where 0= Fo-Py the cavitation Number,
pUL/2

4P= (P, - Py} - the difference of pressuresin a free

flow at infinity and in the cavity, p - the fluid mass

density, U, - the undisturbed free flow velocity at
infinity, A - the cavity aspect rario.

Obtained at the present by experiments super-high
velocities in water have helped to realize the facr rhar the
drag in wazter ar high velociries can be very small and
even the comparable wirh irs values in air. Super-high
velocities are reached in experiments by launching of
small elongated bodies of mass abour 0.1-0.3 kg. During
next instances the body moves practically
straightforward by inertia at a slow velocity decrease,
and thanks to small cavitationa! drag the launched body
can overcome considerable distances. Caviries ar rhar
are enough close 1o srasionary ones and they are very
slender rarher resembling needles.

Classical supercavitation is based on a model of
incompressible fluid and supercavitation is apparently
one of the best area for this model to be applied. Further
growth of velocities up to the values, comparable with the
sonic velociry in water a,, ~1500m/sec leads to

appearance of considerable compressibility effects .
Important here is the Mach Number M = Uy fa,, and

such effects as shocks, wave drag, transonic phenomena

that requires, correspondingly, further development of
the theory.

The main problem of supercavitation is to determine
cavitator drag, sizes and form of the cavity. The problem
of determining the principal sizes and form of the cavity in
incompressible fluid has here been solved just after
appearance of the theory on the basis of the integral lows
of conservity and was carefully checked experimentally.
However the process of developing a more exact asymp-
totic theory of slender cavities and a numerical nonlinear
theory was very long. Nowadays, with regard to avail-
able publications, analogous difficulties seems also will
have place when developing the theory taking into
account compressibility.

The paper contains an attempt to generalize and develop
linearized theory based on the Slender Body theory and
integral lows of conservation. The main advantage of
asympitotic solutions is that they give correct results in
any extreme situation, for example in case of super-
slender cavities. The first part of the paper characterize
possibilities of the linearized theory in case of slender
axisymmerric cavities in incompressible fluid: approach,
methods, results. In the second part an attempt is made to
analyze possibilities and applications of analogous

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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approach taking into account the principal effects 432 $aR2
of compressibility, in the most interesting range of t f{amr2? 2 1 42R2 R2 1% 52 ¥ T
M ~0+2. The most auention spaid o clarify 727 &) " 252 P& Z)” Ja-d 1~
whole picture of flow properties understanding for ¢ !
motion with slender cavities for M=0 and its (n1/2) M (nl/se)
gfgfl;:rt':.hzatlon with account main compressibility § $3Rr3 e - E E‘;f_ " a&R? L
. 1L 73 3 1 1 g
2l & Ix -xld‘ l_-idxx T @ @n
2, SUPERCAVITATION IN * !
INCOMPRESSIBLE FLUID tnl1/ey? Qat/® a7 @

1.1 Principat equations. The most characteristic is
statement of a stationary problem fig. 2.1fora
potential free flow of ideal incompressible fluid

using the cavity closure by the Rjabushinsky

scheme . On a given surface of a cavitator r= (X} (and

the end closure correspondingly) there is given a
condition of impenetrability , on an unknown earlier
surface of the cavity - conditions of penetrability and
given pressure AP ; disturbances on infinity are
decreasing to 0. For simplicity a separation streamlines
cross-section is assumed to be fixed:

2

z—r%+%%+ S50, @y

M 1 i)
% _y dn, dedy [% 1y dR BpdR
[8r Vogy * ox dx],_rl(x)’ '[ar Voiz ¥ ox dx]r_R(x)
6 (1) (53n1/8) 6)) O @%4n1/8)
e 1L[2), L% . e _aP
r—rl(x) {2(—8?) +2(a) +U Ex-_ p} (23)

r=R{x)
(n1s8)? (2nl/8) @) Q)
q)[m_m—b 0 (2.4)
dR _d
[R=1],, [3;- d"] L@

Here r,x are the axis's of cylindrical system of
coordinates, ¢ is the potential of disturbances. (2.1-2.5)
should be completed also conditions cavity end closure.
If considering the system cavitator-cavity as the surface
of some slender body with the slenderness parameter

§ =1/2 the equations of the problem (2.1 - 2.5) with the

accuracy to small values 32In1/5 may be significantly
simplified. Orders of smallness of the values at
§- Q,L=(01) (L is the characteristic length of the
system) in the problem (2.1 -2.5) are indicated under each
of the terms of the equations. Using the known Slender
Body Theory expansion:

1 L

dRz

flxyJax; £y 3R

(26)
the problem (2.1-2.5) is simplified with the accumy 1o
(L (x) P ) -l
X 4x(L-x) 4no |- x|

-0

small values 32In1/& and is reduced to the following
problem of integer-differential equation for a slender .
axisymmetric cavity behind a slender cavitator:

dxl + Otr2 lnr)

2 = (X, [?z i) g [R’—o]

Here the linearized variant of the closing conditions (2.9)
supposes an automatic closing of the cavity on some

small body with the accuracy to small values ~324in 173 .

1.2 General Notlons. In the case of the slender cavities a
disk-like cavitator sizes are little and its drag is
practically independent on the cavity form, and the
cavity form is independent on the cavitator form and is
determined only by its drag. Equation (2.7)
may be interpreted on the basis of the following
simple model [ 5, 32] of slender cavity
formation fig. 2.2. A moving cavitator pushes
motionless fluid apart and the work of 1ts drag
is transformed into kinetic energy of the
practically radial flow generated in the region .
r< y in each of passing through by it
motionless cross-sections of fluid. Further,
under the action of the pressure difference AP
in the flow and in the cavity, a independent
motion of radial flow in each section,
generated by the passing cavitator, takes place
together with the expansion of the cavity cross-
section.,

@

1.} Dynamics and experience of investiga-tions.
The first stage is years 40-50th. Here thank to
using heuristic models and integral
conservation lows the ellipsoid form of a
cavity and its basic sizes were determined and
in particular the known formula for the maximal radius

of cavity Ry:

Ry = RnJ—!:: (210)

where R, is the radius of the cavitator, ¢4 is its drag
coefficient, k = 0,96-1 and e practical independence of
the caviry cross-sections expansion was realized. These
were investigations by H. Reichardt, G. Birkhoff...and as
well as G. Logvinovich who has formulared idea of
independence of cavity cross-section expansion the most
clearly in the form of the known principle * independence
of the cavity expansion" [ 19]. Here the known formula
by P. Garabedian has been obtained too:

Inl/o

aZ= (211},

as well as the known two-term asymptote of the
streams expansion at infinity by M. Gyrevich -
N. Levinson:

x | _llnlx
(nx)®l 4 Inx

R2= 20 +'"]+o(ml)‘-5 (212)




Creation of the known linear theory of two-dimensional
supercavitation by M. Tulin has considerably stimulated
development of the analogous linearized theory of
axisymmetric flows. However, in order to complere it till
1980 years, it took more than 30 years. From one side,
the soturions of the problems analogous to (2.7 - 2.9)
were found on the basis of numeric-analytical methods (7,
23,25, 50] ... . From the other side, as the most effective
was to use methods of the perturbations theory [14, 20,
23.25, 28, 3141, 53]... . Here on the first stages they have
met considerable difficulties and obtained a senes of
insufficiently correct solutions in consequence of that the
extremely complicated structure of solutions had been
understood not at once. Because of a very complicated
structure of solutions analogous difficulties nearby
separation cross-section and a series of insufficiently
correct solutions were took place also when developing
the numerical nonlinear theory which was also finished
considerably later in 80™. Some of the works in this area
are given in the reference list .

2.4 Matched Asymptotic Expansions Method ,
appleation. Base of this approach in the slender cavity
theory was developed start from [20, 31, 36.38}. When
considering the surfaces of a cavitator and a cavity as the
surface of some whole slender body it is necessary to take
into account that the surface in reality consists of two
independent parts. For instance, in case if a cavity behind
cone we can independently vary its semi-angle y and

the cavitation Number o . In further it is convenient to
consider a scheme of two small parameters of
slenderness: for cavitator- s, for a cavity - & , (for a cone

6= tgy ), for acavity & =1/A ~3(c).Let 63 0
supposing the length of the complex L = 0(l} with

reference 10 the problem (2.7 -2.9). More general cases of
the nonstationary problem [34-37] of unfixed separation
cross-section are congidered as analogous. The result of
limiting transition at §,s — 0 depends on the way of
their tending to 0. But as the most preferable, certainly,
would be a result applicable for any relationship between
¢, and & . There are here two characreristic cases:

1) the case of regular perturbarions fig. (2.3a)
3/8=0(), (6 =0(>Inl/s)), L=0(1) (2.13)

2) the case of singular perturbations fig. (2.3b):
8fe >0, (c<<s’inl/s) L=0O[l) (2.14)

1) 3/e = O{l) ; here taking into account conditions (2.13)
the problem (2.7 - 2.9) in a limit is the problem for a
differential equation. The lengths of the cavitator ¢ and

the cavity L, cannot be strongly different £/1, = O{f),

Physically we have an ellipsoidal cavity and we may
equate the incline angles of the cavitator and the cavity in
a separation streamlines cross-section. From the point of
view of the theory of perturbations the whole solution is

" situated in the area of owrer solurion only and rhe
boundary condirions in the separation cross-secrion are
nor lost and we can apply them.

2) 8/s = 0.Here at 3 /e — 0 taking into account
conditions (2.14) the cavitator tends to become infinitely

small in comparison with the cavity £= 0{62./1—1_11 18 ' Jin

the limit we have an ellipsoidal cavity again, however, we
cannot satisfy the boundary conditions at the separation
cross-section - they are lost. The most important
particular case here is a slender cavity behind a
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notslender disk.-like cavitaror. The solution ar 8/s - 0

has a rather complicated asymptotical structure consisting
of 3 parts [20, 31, 37, 38 ], fig. (2.3b). This iz inner -
nearby the cavitator solution, depending on the cavitator
shape (for a disk the solution is nonlinear), intermediate
solution is asymptotic (2.12), external - for the middle
part - perturbation of ellipsoidal cavity. Asymptotic are
sought in each of the area in series:

1/Qnl/8); 1/(nl/e). Initial conditions are satisfied in
the inner area and the inner solution is complete. The
constants of the intermediate solution are determined by
matching with the inner solution, the constants of the
outer solution - by matching with the intermediate
solution. Further, the additive rule [45] is used and the

uniformly applicable solution, applicable for the whole

area, is constructed. .
Asymprotic solutions for both cases 8fe=Ofl), 6/e— 0
are valid in differenr  regions of 8,e relarion and
complemenr one anorher.:

- solurions ar 8Js = O(l) are valid when the caviraror is
nor roo smail;

- solutions ar & fe — O are vaiid when rhe caviraror is
small enough.

These solutions have berween them a certain boundary
zone, where they may give some near results, however,
more than likely they don't have any region of overiap.
For the solution in both cases various methods 1o specify
$ may be used, the most important of which are:

2_ |1 2__2
§ —1—2, §°=38
8) ) (219)
2, _S -82m L
Inltc’ ln62
<) d)

It should here be noted thar asymprotic solutions are
built in the form of rather weak Ln series
(1/1010~043, 1/In100~0.22...) and the first
approximarions sometimes can hardly be considered as
solution in general, for example, asin case of an
ellipsoidal cavity when we equate the incline anglesof a
slender cavitator and the cavity in the separation cross-
section. There are two principal ways to improve this
solutions:

a) improvement of the first approximation with the help of
a more optimal choice of small parameters or by some
another methods;

b) obtaining of solutions of the second order
approximation (two rerms of a series as a rule).
Therefore in further under rhe asympioric strucrure we will
understands the first term of a series, derermining rhe
general propervies of rhe solurion, bus the accuracy of the
Solurion and its chances ro be used are nor derermined.

1.5 Regular Solutions &/s = O{1) . Two approaches of

asymprotic solutions are developed here [20, 33, 38, 39}
1) direct -8, 6 are given and the asymptotic solution of
the problem is found in series on 1/In(1/8) for the shape

and sizes of a cavity.

2) "semi-reverse" the length of a cavity is given and the
asymptotic solution of the problem is found for the shape
of a cavity and the cavitation Number .

The asymprotic two-term solution of the problem at

6/e=O{l) in direct starement in the case of a slender
cone ( x = 0 is in the separarion cross-section, £= 1) has
the form:



In(1/8% o
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Y
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where e ~ 2,718, the parameters of the limit ellipsoid

1,,x, 1, aredetermined by the following dependencies:

szln(l/éz) [ p
Ly = 6 _l+l‘ +szln(l/62)-

) Eszln(l/aZ) 'l_ Cay P
: 2ln(l/6) '
) 21:1(1/452)

P ' z1:1(1/52)

In particular, ar 8 = &, (2.17 - 2.18) becomes applicable
nearby the cavitator ar ¢ = 0 t0o0.

=2 1 1+2x
e{(1+21)+m(“ez)[ 2 In(l+ Xx)+

lenx—(l+x)zln(l+x)D (2.18)

1.6 Outer Solutions at 3/s = 0 . An outer solution
describes the most part of a cavity and it is sufficient to
know the solution in the majority of cases. To determine
the constants of the solution instead of matching the
integral conservation laws [45] may be applied, in

particular the formula for Ry (210) . For the solution one

may neglect the sizes of a cavitator (Oaz\ﬁn] /8)and
may apply two possible variants of "semi-reverse”
approach:

assuming the half-length of the cavity L, and its aspect

ratio A to be given we seek the solution for its shape and

the cavitation Number in the form of series on In ;
- assuming Ly and A to be given we seek the solution

for its shape and the cavitation Number in the form of
serieson Inl/é taking into account opportuniries of

(2.15).
The solution in the first case is found in the form of series
[ 31]on the basis of the problem (x = 0 in cavity middle

section, Ly =1):

2
L {dR?), 1RE, R
4R? \ dx 2 4 40

Qn1/8y* 0} @19
d%r3 #r? dR? ar2
1*,* e 1V T
|%; -4 2 14z 2 l.x . ’
niss)? @i/ st O

[ [ [Pored,

in the form of series:

R%=3 2[RS+ R34 Qn1/8%) + REz(lnmz)h..] (2.20)

c=61[01(1111162)+co+c_,(1nli62)'l+...] @21
and for ¢ = const is:

2104 -3) o 1n(] - ¥ &
RZ = Ri[u_ xz)+ x“ind m(l"'x;ln: ln(l x)(l X)] azz)
o =,.121n—:‘€ @2.23)

Taldng into account the opportunities of (2.15),
asymptotic equivalent expansions (2.23) has the form:

a2 Lghls 1,15
[+ eo [+ C

a) b) (224)
(ORI Y L
A —cmnb‘ﬁ, =8 11162

<) )

Solutions (2.22 -2 .24) are essentially the solution of the
second approximation. At that each of the variants of
dependencies (2.23-2.24) has its own advantages. Fig. 2.4
illustrates dependencies (2.23, 2.24 b)) in comparison with
the data of nonlinear numerical calculations [16 ].

2.7 Improving of the first approximation equations. The
main idea here is to improve the small parameter so that
one of the two-term (2.22 - 2.23) expansions would be
transformed into an one-term one. It is convenient at that
to introduce the vatue i - the inertial coefficient. For

example, basing on (2.23):
A
=1n 2
i (22)

It give possaible to define kinetic energy of radial flow in
the form:

20 [d;fl ] (2.26)

At that instead of integer-differential equation (2.7) we
obtain simplest differential equation. Obtaining one of the

. initial conditions using the energy conservation law with

account (2.26) , equations for defining of the slender
cavity shape behind small cavitator are [20, 32}

dsz AP() _
“dx? pUz 12

2 .o R _
RL_O-O, = -zkﬂ (277)
-()




For o =.const solution of (2.27) defines ellipsoidal
cavity and the known dependence for Ry (2.10):

2_p [T . O 2
R® Rn[;x hx
Rk:RnJg

1 -p Y2 A

[+]

(2.28)

At that the dependence for defining p (2.24b) is the most
convenient:

1.7 Equation for Calculations of Nonstationary Cavities
of Varlable Pressure. Here one applies the system of
coordinates connected with motionless fluid. Coming from
the nonstationary integral-differential equation (34} (what
is like (2.7)) , simplifying it and applying the energy
conservation law in the initial moment t = tx(x} whena
cavitator passes the cross-section x and has at that the
drag D{x}, the shape of the middie part of a slender
nonstationary cavity behind small cavitator is determined
by the equations {20, 32}

(2.30)

RzL =0 or? -2 (D@
=1y (X) ot '@ kaup

Here k ~0,96~ 1 - is the correction alike as in (2.10) ,
Equations (2.30) are the simplest expression of heuristic
model fig. 2.2 and the principles of the “independence of
the cavity expansion” [ 19]. At the stationary flow they
determine the ellipsoidal cavity (2.28) and are more
general with compared to equation developed in [S]. The
value of the inertial coefficient p in the equations is
usually as taken in the form of some universal

const u ~ 2 oron the basis of the solution for the
stationary cavities (2.25,2.29). Fig. 2.5 illustrate the
values of & for various ways its defining. Comparison

of the value of 5A%/2= p with date of nonlinear
numerical calculation [16} illustrating expediency of
introducing this value is also presented.

These equations are useful in calculations of the cavities
differing considerably from nonstationary ones. They
were repeatedly verified and their correctness lies within
5 - 7% Nowadays they are the most convenient way of
estimating shapes of nonstationary cavities. Arthat a
small part of nonlinear solution nearby the disk
conserving its form for most part of possible case of flow
is easily built over in the final stage of calculation. These
equations give the possible for the first time to calculate
a number of the nonstationary cavities of variable
pressure and they are used in the theory of cavity
pulsanon and in the theory of the cavities with gas
injection. .

1.9 Asymptotic Structure of Solutions { cavitator length
{=1,forconen=1)

5/e=01)
2 e -1y~
R sz-l+2n(x 1 7" 1)] x
x>0 23D
65/e—>0
Rl=¢? m[’“”ezJ x+{l-2n)|~ (x-12%~
lnxl? 3 lnx;ﬂg
) (232

Lets also write down a simplified variant of dependence
for a sufficient distance from the cavitator (basing only
on the intermediate and outer solution,) what determines
asymptotic structure of the solutions in case of notslender

cavitators of disk type Ry =1.:
R? - ? \/_ S 2 2\/—-
™

(1nx)°’ Y
-5 D

Proceeding from (2.31 - 2.32) it is obviously that the
solutions at 8/s = Of1) of the type (2.16 -2.17) have

incomplete asymptotic structure without intermediate
part (2.12) and become unsuitable for essential large

1. -9 o , where become suitable the solutions at
3/ 0.

(2.33)

1.10 Intermediate Solutlon. In order to develop at
8 /e = 0 the second order theory two terms (2.12) are not

enough . Intermediate expansion was extracted from
(2.6) and it defines for o = 0 differential intermediate
equation : [36,53 ] instead of integer.differential equation

@ ,
2 2 52 2
(&) 18R R R

&) Tal a2 Em &

and its 3 rerms expansions at X « {36]:

R = Zl':_ lan lhzg @39

onx)Oi 41nx 2 Inx

2.10 Main Points of the Theory at 3/z —» 0. On the basis

of (2.35) at 8/e > 0 the second order theory was
developed and a number of the most interesting

asymptotic solution of the problems { 36-39] was obtained.
The central point here is the determination of the two-
term dependence for Ry by way of matching outer
solution of the second order (2.21) with asymptotic (2.35):

Re __1[  In2/ée
ke

Inl /8%

This structure for Ry fully coincides with the structure of

expansion of Ry, obrained by way of applying the
variation approach [28] on the basis of solution (2.22).

. On the basis of the second order theory we have the
complete solution of the main problem of supercavitation
in the second approximation. In particular, principal sizes
of the cavity are determined here for Ry - (2.36) using
the convenient series of & (2.15 a, ¢, d) and accordingly
one of the convenient dependencies for 4 (2.23 - 2.24).
There are in incompressible fluid several basic
opportunities to realize the main supercavitarion problem
- defining of main cavity sizes:
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1) In case of notslender disk-like cavitators - we can find
with the help of the impuise conservation law const of the
intermediate solution (asymptotic at x - « ) and to find

Ry having matched the asymptotic with the outer
solution ;

- we can apply the theorem of impulse directly to the
outer solution and to determine Ry.

2) In case of slender cavitators we can also find the inner
solution and 1o determine Ry by successive marching the

inner solution with the intermediate and outer ones.
It should however be noved rhar deserminasion of Ry in

such a manner (asympioric theory ar 8 fe - 0 in general
case of slender cavirarors) is possible only in rhe case of
cavities siender enough. In particular, for the cone y ~10°

this becomes real for the cavities with the aspect ratio not
less than A ~15+ 20, At velocities low enough this way

for determining Ry seems to be in general of theoretical

interest. However, this way may tum out to be significant
at super-high velocities of motion.

3) Asimportant here is the moment that the known
expansion SBT {2.6) as well contains a1 M= 0 an
intermediate asymptotic for potential ¢ . This was proved

by the identity of asymptotic structures for Ry, obtained
by various ways.

2.11 Effective Method of Caleulation of Slender Cavities.
Inner nearby a disk-like cavitator solution is universal
substantially and is a constituent part of a wide class of
stationary and not stationary cavities. The area of this
solution 18 critically nonlinear but one may here find a
simple effective although insufficiently rigorous solution.
Assuming here the flow over to be close enough to the
stream about a paraboloid the left part of intermediate
equation ( 2.34 ) by means of coordinate transformation
turns into exact expression for the pressure distribution on
the surface of a paraboloid. At that equations for the inner
part turn out simultaneously to be the common equation
for the inner and the intermediate part with the accuracy
up to three terms of asymptotic. Using for the outer area
improved equation of the first approach (2.27 ) based on
the first-order matching , we obtain:

isentropic condition, Laplace equation (2.1} in the problem
(21.2.5) is replaced with the known system of two

equations
2
-+ (l Uz]

EE

al= a,,,— —(ZUmu+u +vz)

a¢ Wy o%
2828)'

2¢V

o3 = 0(3))

(22

where a is the sonic velocity if water. Condition (2.3) as
also changed on the basis of Bernoulli equation:

2. 2 2
n P+B+U +v° LP‘”*B.,E (3'3)
n-1 p 2 n-1 py 2

The base for equations (3.2 - 3.3) accounting the water
state equation in form of Tet adiabatic curve [ 8J:

P+B Py+B

n

p P

where B, n are the constants: B= 304Skg/cm?,n = 71S.
For comparison in the case of air the analogous (3.2)
equation is {13]:

a?=al - l—i—l-[ZUwu +u2+vz) (39

(34)

In the case of small flow perturbations for M <1 and

M > | equations (3.1-3.3) in the SBT approximation are
simplified and Laplace equation (2.1) in the problem (2.1 -
2.5) are replaced by Prandtl-Glauert equation
Mc<L,Ms1:

2% %, 1%

ol rér
In order to describe flow in transonic area M ~1 equation
(3.6) is replaced by more accuracy transonic Karman-

Guderiey equation:
(n+1)ME 00 | 8% _
ar? {(l Me)- Up 0% |ox? 067

Analogously (2.7) equation (3.6) on the base of SBT
approximation can be reduced to integer-differential
equations:

+ (1-M2)-Z;z’i= 0 [36)

82q> + __
r ar

M<l pi=1-M?
N A 2% £ 252
P 2 fudl S
i [y b @ 1 [dnzl , 18R p?R? e e
J[':Rz s ldx)  2d°@  a-n 2o  Im-d
o 23) (nt/ 3y ) Qa1 8)?
Rn[ 1 ] 4%r? d?r2 dr? dr?
o= B 8= | Jop +—=|- 25 & 8R”
Rﬂ 2J-_ & llf d.x2 X e l_l_dxlx-o.;.l.dxl‘-l':u 3.8)
Equation (2.38) are a rough preliminary variant.  2x  1¥1- ¥ 2 = 2 L-x
There are now more perfect ones including Rl - st
nonstationary variants of the method. These (ni/8) (al /8) @al/8)" )
equations allow to calculate the majority of
stationary and nonstationary cavities in various B e M-l
reasonable enough cases of flow over, avoiding at 5
that application of the complicated methods of 2 dzq d?R?
nonlinear numerical calculations. Fig 26 1 (dRr? 1d2R?, B2R? X2 ke, e &
illustrates calculation results — besed on [T | T T3 12 pw L - 1-
equations (2.37) in the case of disk for ¢ =004
in comparison with nonlinear numerical (nt /5)! m (nt/8)?
calculation A [16]. $2R2 42R2 j‘ﬂz_
X 3 K=K g k=0
3. INFLUENCE OF COMPRESSIBILITY - - dx A dx dzy - dx =g. (3.9
X X - X
3.1 Principal Equations Within the scope of the (al 16)'1 (n1/5)" 0

model of ideal incompressible fluid supposing



at the initial conditions and the closure condition:
dRr? dq 3
R0,

[R = A(0k-x, [ —-

3.2 General Analysis. As it follow from (3.1 -3.3), (3.5) the
equations in the nonlinear statement practically coincide
for water and air with a slight difference for the condition
on a cavity surface because of some difference of state
equation for water (3.4) as compared 1o analogous
adiabatic curve for air. Moreover the equations of small
disturbed flows for sub and supersonic (3.6, 3.8, 3.9) are
based on the acoustics equations and are absolutely the
same for water and air. Transonic equations (3.7) for
water and air are different only by the magnitude of
const n, y ! This means that sub and supersonic effects
have to be the same with the accuracy up to the isentropic
condition in water and air. However the area of
appearance of the effects and applicability of equations
(3.6, 3.8, 3.9) as well as the range of M with essential
transonic effects will be considerably different due to the
difference berween the values n~ 7,15 and y ~14.

Water in the range M ~ 1+ 2 very well satisfy the model
of ideal, isoentopic compressible fluid. Static and
dynamic adiabatic curves for water really coincide here,
viscosity influence is negligible. However, even in such
ideal medium at slight disturbances in flow under the
motion of slender bodies, as it follows from the equations
of acoustic approach (3.6, 3.9 ), a significant wave drag
appears. At that summary transition of impulse through
side control surfaces are not small. This effect
investigated by T.von Karman lies in the base of
considerable part of the classical supersonic aerodynamics
[13]. In view of a complete identity of equations

(3.6, 3.9) for water and air this effect has also
unavoidably to be manifested for supercavitation andina
lager degree for less slender cavirators, however, in the-
area of applicability equation (39) just for water!
Equations (38, 39) have similar asymptotic structures,
hence:

- in case of slender cavities in compressible fluid
analogously M = 0 cavitator drag for M <1 slightly
depends on and for M > 1 is independent on cavity shape
and the cavity shape really do not depend on cavitator
form;

- expressions for pressure on slender body with account
of compressibility are different from case M = 0 in outer
area only with second order terms. This mean that cavity
shape in outer area M <1 , M >1, M ~1| taking into
account also (3.6,3.7) will be near to ellipsoidal form.

- the terms defining wave effects for M >1 are small
values of the second order in the outer area and we can
expect easential wave effects only for &/e— 0. in inner
and intermediate areas,

- sizes of the inner area near the cavitator for 8fe 5 0

{ where in case of a disk nonlinear considerarion is
necessary with using state fluid equation (3.4))
analogously as for M = 0 are small :

M=0M<l Ry= o[az[m/a)‘“]

(3.10)
=

g  (3.108)
M<k: R,,=O[62(ln1/6)']

and rather they are small as well as for M ~1.

Some derails of narure flow in nonlinear area can give
estimation of values of flow at breaking point. Results this
estimations in dependence on M, neglecting of
hydrostatic pressure, are presented in fig. 3.1.

Py PaCys, TS are the values of mass density, pressure,

pressure coefficient, temperature in degrees centigrade at
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the breaking point. AP, - the pressure in normal shock on

axis. As following from fig 3.1 at Mach range under
consideration changing of mass density, pressure
coefficient and temperature are not essential, pressure at
the shock is not large. Bur pressure ar breaking point and
in particular in case of disk cavitator can reach yield
points for strongest steels.

The most important from the point of view of applying
here all the opportunities of the approach at M = 0 are
the following problems:

1. Is there a principal possibility to apply equations (38,
39) and in particular (39) :

a) in the outer region?

b) in the intermediate area - that is does the expansion
SBT for ¢, in particular at M > 1, analogouslyto M =0,

contains an intermediate component of expansion? Or

. SBT expansion at M > 1 is only outer?

¢) in the inner region in case of slender cavotarors?

2. Is the condition of angle equality in streamlines
separation cross-section (2.8) correct enough at

M > 1 asthis problem is noted in [17)?

3. Which is the area of applicability of equations

(38, 39) just for the case of water?

The following details may prove to be here considerable:
1.6) For M = 0 we use SBT expansion for ¢ with
sources on the axis which in some cases may exactly
describe flows even in nonlinear regions. In the same time
the sources at M < 1, M > | are suitable only for
description of small disturbed flows.

2. In case of a fixed separation cross-section nearby this
region a rather different change of pressure takes place
when comparing with its magnitude on the cavitator up to
small magnitude on the cavity .

Although some uncertainty we, for the possxblhty of
preliminary consideration will assume that the situation
concerning questions (1-3) is the same as at M = 0.
Accounting absence of an analogous integer -differential
equation for M ~1 we will iry to estimate the situation
on the left of M <1 and on the right of M > | as well as
main tendencies of changing the situation when transiting
to intermediate between them transonic zone. At that
however, it should be noted , that if §fe = O(l) whole
solution lies in the outer region, better explored in
aerodynamics, while for 8/e » 0, main from the point of
view of wave effects are inner and intermediate regions
what can be more problematic for the theory.

3.3 Asymptotic solutions for 3 /s = O(l) are defined here

by the methods, analogous as for M = 0, but basing on
one of the equations (3.8, 3.9) for conditions (3.10).
Solutions for M <1 is obtained if in solution for M = 0
(2.16, 2.17) we will use small parameterpd instead of & .
At present there is here a numerical solution of the
problem for M <1 on the base of equation (3.8) {46].
Asymptotic solution for M > 1 on base equation (3.9) is
found analogously to (2.16, 2.17) for M = 0. At that the
first order solurion (2.16) and values (2.17) here are the
same both M=0,M < |, M> 1. Solutions for
M=0,M<1,M>1 arediffered only by second order
small values . In particular for M > 1 solutions in case of
cone (x = 0 is ar separation section , / =1,) are sought on
the base of problem (3.9, 3.10) for 8fs = O} in the form
of expansion:

2 2
R%- m(uaz) Ro+

111/52 ] @10



and are reduced to series of boundary problems, after
that 2 rerms of expansion are obtained:

R2._© e%in(1 /59 . Zezln(1/62)x_ 2
In(1/8%) 6 5

2 |xd%RE
+1:1(1/'52)[.') dx? L @ z)dz]}

~

(.12)

In particular the expression of tiz‘ is easily obtained
X

on the base of the second order problem for equation (3.9).
In ready solution it is possible to apply one of the
convenient dependencies of § (2.15) . In particular for

5 o solution (3.12) is applicable also for o = 0 near
cavitator and for M> 1, o =0 is:

R? = e’[[?.x +1]+ E—ll7e7[x +{x+1/2){ln 2x + 1) + 2x? In(x) -

- o1+ x) ln(l+x)]} (313)
Its asymptotic for x— « :
2
R?~ 2%+ l—‘l’77[x1n 2% - Xxinx] (314)
nij/e

For comparison we write down also asymptotic (2.18) for
M<lLx—> w:

~%%4

[xin2/e- xinx] (313)

8
Inl/e?

Conclusions. As follows from comparnison of sotutions for
8/a=Oft) M=0M<1(216217,315) M>1{311- 314):
for M <1 compressibility influence is determined by the

second order values, it is insufficient and is not increased if
it is increased cavity length with compared to cavitator

length for transition from case 8 /s = Ofl) to-

8/s> QFor M>1 and condition &/e= Ofl)
compressibility influence is defined by second order small
values but it is quickly increased if cavity length is
increased for transition from §/s= Ol) 10 &/a— 0 Ar
that cavity sizes for M > 1 can be essential smaller with
compared to M = 0, M < | and this fact can be explained
by energy wave losses . At that applicability range of
relation /e for increasing relative cavity length can be
essential smaller for M > 1 with compared to solutions for
M =0, M<1.Wecan see it in particular when companng
last terms of asymprotics (3.14, 3.15)!

3.4 Outer solution for 3/6 > 0 with account

compressibility  [47] after the manner
(2.15-2.23 ) [31]) is defined enough small influence

=

A M<1,M>lareillustrated in fig. 24.

3.5 General Pattern of M Influence for supercavotation
is first of all represented by the influence of M on the

cavitator drag which determines Ry and the cavity

aspect ratio A . Fig. 3.2 illustrate singularities of the

M influence forM <1, M > | on the drag coefficient of
slender cavitarors (cone) in according 1o with
dependencies ( 3.34,3.35 ) and the cavity aspect ratio} -
(3.17). For a disk-like cavitator the dependence drag on
M is mainly determined by a simple dependence for the
pressure in the braking point. Further we will try also 1o
clarify singularities of influence on drag and cavity of
wave effects for M > 1 and transonic effects in interme-
diaterangeof M ~] between M<land M>1,

.3.6 Intermediate expansions Intermediate equations is
extracied from integer-differential equarions (3.8,3.9) and
their asymptotic for x5 © are [39-4]}:

M<l pl=1-M°

R e
R e e
M>1 B?= M7 _
SR ST RN
e

Nature of asymptoticfor M= QM <!l at x5 « is
following - they define cavity as wake with constant
contain of energy in its each sections [19]. Comparing of
(3.19, 3.21) shows more narTow at X - « asymptotic
for M > | and hence on possibility of essential wave
losses by ahead part of cavities in this case.

3.7 A Cavity Behind a Slender Cavitator at ¢ = 0.
Solutions, obtained earlier (2.18,3.13) for a caviry behind
a slender cone at ¢ = 0 are inner solutions. Uniformly
suitable second order solutions for cavity behind slender
cone on base problems of (3.8-3.10) for ¢ = 0 are ({=1):

M<],

%-l] +ET1L/:"—)[( Lin2x - )+ - )2 x - 1) -

of M, contained in integer-differential equations (1,,4 fe2p 2) 1 <ln% xlnﬁ %2 2

in form of | - M?|. Dependence of (2.23) with - Zhx) + 7 RN A ("1" 3 x‘nx)}

account M is: .

s=iln A {3.16) M>1, o
R

Analogously with account M it can be obtained
all possible asymptotically the same variants of

R- 1{[—75 h(u 2)[(xx)+——anzx 1)+ 21 = -1)-

dependence (2.23), but the most convenient is: 3n2/B° +In2/ & x inf
2 1. 15 28Iy + Rl i) 9’:12“’ g (xln 2 3xlnx]]
Ale —In @GN W 225 e
s gfl- M2
6B

Singularities of influence M on cavity aspect ratio



where:
§o In(x/e D)

In (1 /6?2
Solution (3.23) at x 3 « defines also value K, for cone:

b ] o

Fig. 3.3 illustrares the results of calculation in agreement
with dependencies (3.22, 3.23): — calculation, ----
calculation at M= A, =x/Rat M =0 x-nonlinear
numerical solution [3]. The results of calculation shows
small compressibility influence on the front parts of

. cavitiesat M <1. At M >1, however, this influence can
be considerable: the front parts of cavities ar M >1 can be
essentially narrower as compared to cavities for M = 0
and M<1.

3.8 Asymptotic Structures of Dependencles at 572 - 0.

Uniformly suitable first order solutions behind a slender
cavitator are universal and independent of cavitator

shapes (£=1):

M<t

R2 =g 2 2n[%]mx+ (- 2n):| -
-mj(x-l)z ~ m—;.g; £V
M>1

R =¢ 2[20[:((—;;[:;%;—))-]”::+ (- 2n)] .
_m(x-l)z @; (326

Solutions, containing only the intermediate and the outer
part (as applied in particular to disk-like cavitators):

2feq o

M<0 R%- X~ 6.2)
wx® " nup 252
2 Ks o
M>0 RO= GaB * g © O

3.9 Finite Cavities Here for 3/ » 0 M <1, M >{ on the

basis of equations (3.8,3.9) enough complete the second
order theory is developed. Taking into account that the
shape of the most part of cavity (in the outer area) rather

close to ellipsoid, defining dependence for Ry hereis
principal . The dependence for Ry for M <! has turned
out to be dependent on M only in the drag coefficient.
For M > | dependence for Ry, obtained by matching of
the intermediate and the outer solutions is:

Ry o K /2
=== —_— 3.2

R, & mm/BhI OO

where any convenient dependence for & -( 1Sac,d )can
be used. Here magnitude of K; in asymptotic for M > |
(3.21) in case like disk cavitators are some value

K= 1) . In case of slender cavitarors this value can be

defined by matching of the inner and the intermediate
solutions. In particular for the cone value K, on base
second order solutions (3.23) is defined by dependence
(3.24). As follows from (3.29) dependence for Ry for
M > 1 can be expressed in view of (2.10) however
dependence for k account from (3.29), has following

structure:
for like-disk cavitators -

k~cnA2/BH% 5 @

c=0Q), s~1/a30 (330
for slender cavitators
2
m [M} e
In1/B%?
5/e >0 (33

And asdistinct from M=0,M <! k~09+1 (2.36) the
value k for M > 1 can be essentially by more than 1.

" With account of a small compressibility influence in the

outer part of solutions simple equations (2.27 -2.30) are
applicable as well here . In the case of a slender cavirators
analogous to (2.27) equations are:

aR? o
5 +—~=0
dx= »
dR -c
RY -REL T 2(1“) (332)

At that in equations (2.27,2.30, 3.32) it is the most
convenient 1o apply value p on the base of (2.29), but

with account of M :

and it is need account that values ofk forM >1 can be
essential more than 1.

Minfluence on u isillustrated in fig. 2.5

Fig. 3.4 illustrates calculation results for slender
axisymmetric cavity behind slender cone for M > 1 using
equations (3.32) where k is defined on the base (3.24,
3.29). For ¢4 defining dependencies (3.35,3.37) are
applied. )

For the approach within the scope of the theory being
developed the value Ry may be determined only on the

basis of marching. Proceeding from this it should be
reminded about the restrictions of the theory which are
analogous as at M = O, M <1 (see p. 2.11), the
applicability of the theory in the case of slender cavitators
is only for enough slender cavities( small ¢ ). Comparing
of the cavitator sizes (3.10a), we can see, that at M > |
the cavitators can be considerably larger and that can
make range of the theory applicability less large and can
demand still more less o . Besides, it should be noted a
considerably more worse convergence of the series in
asymptotic (3.21) at M > | as compared to (3.19) and
remind notes of p.3.2. Proceeding from the above
dependence (3.29) may be applicable only for preliminary
rough estimations. Nevertheless ir express a very
imporrans regularity - an essenrial and can be able also a
considerable decrease of the main cavity sizes {and hence
rhe lengrhs) of supersonic cavities in comparison with the
cavities at M = 0, M <1 at the same values of the
cavitators drag. At M > 1 the cavitator drag ceases to be
such an universal value as at M > | which determines the
sizes of cavities in a unique fashion. At M > 1 significant
wave losses appear depending in a definite manner on the

239
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cavitator shape and the cavitators having the same drag at
M > 1 can produce cavities of considerably differing sizes.

3.10 Cavitational Drag . Drag coefficient of disk-like
cavitators taking into account the closeness of flow o an
isentropical one and small losses on e normal chock, the
coefficientcy, for 6 = 0 can be obtained accurately
enough on the basis of the pressure coefficient in the
breaking point: In particular for disk it may be written:

Cao  0.82¢xdm0= 082

n
- 2 a2\ 71
[1+(“n])——M2E§’_“]“ -1} 333,

Cxw= il ”
where B, n are the same a3 in (3.4).

Drag coefficients for slender cavitators are obtained in
works [11,19, 24, 29, 35-39)... .Forc =0 at

M > 1, M > | they have similar structures. In particular in
case of cone for

Mc<tl:
2 21
Cgo = 26°In= (334)
ﬁe
Ms>1[11}:

Cao = 2e21n72;; (339

Number cavitation influence is defined by the known
dependencies.

Forsfe—» 0 M« :
Ca = Coll+ ) (336)

for s/e=Ofl) M<1:
Cg=Cao+a (337

dependence (3.37) is, however, rather rough because the
cavity influence on the distribution of hydrodynamic
pressures on the cavitator and this influence, although
being determined by small values of the second order,
may be significant [35,39]. However, at M > | the
reverse influence of the cavity is absent and dependence
(3.39) is here both exact and applicable in the two cases
8/s=0[l),8/s 0.

Cavisarional drag coefficienss for middle cavity section
and for some section x = L, with radius R, of its
forward part for & = 0 in apply to motion in ahead part
of cavity are some indexes cavitation effectiveness.
Second order asymptotic dependencies §jfe—» 0 M < 1
[38.-41] in case of motion in ahead cavity part o = 0 is:

32 4 lioA./p
CDO" Tlne_pzaf -8- 1%
8,=1/3, = Ro/L, (339

Second order expansion in additional to known
dependence of drag coefficient for middle section
Cp=o0 are:

ki _
R

Ane/p
12

Cp= (339)

i 21n2/\/é}~

In1/p%?

Asymprotic structures for Cp , Cp on the base of (3.21,
t

3.29) also are:

1({lnA,/B}InA, /B
Co E(In Y] Bs) Al (340

a1 /B)?2inn /B [m/B)Z
Cp (lnllBe) 7 " \mee) © B4
The results of calculations in agreement with dependencies
(3.38, 3.39) are shown in fig. 3.5 and allow to draw the
foliowing conclusions.
- The motion in a caviry is the more effective the more it
is slender. The principal limitation at velocities high
enough is achievable in practice body aspect ratio.
- The motion in the ahead part of a cavity provide the
most small drag coefficients that considerably smaller
than in case of a finite cavity. From this point of view the
influence of pressure is essential factor to decrease the
effectiveness of motion with supercavitation in spite of a
certain possibility of the energy regeneration in the end
part of the cavity.
At M> | asit follows from (3.40, 3.41) we have the
tendency of considerable decrease of effectiveness of
applying cavitation due to wave losses. In case of slender

cavitators this effect is increased for increasing of
cavitator slenderness ( cone semi-angle).

3.11, Transonle effects. The transonic region M ~1 is
intermediate between M <1, M >1. The main problem

here is to understand what properties of the flow are
conserved here the same as for M= 0, M <! and what

ones are changed abruptly enough when transiting
through the transonic region, as well as characteristic
scales of the intensity of transonic effects and the
extension of this region. Let us note some peculiarities of
the flow in this case using also resulis of the known
investigations for air {10, 13, ...).

The sizes of nonlinear zone near by a disk-like cavitator
may be assumed to be also small, a slender cavity will be
similar to ellipsoidal one and the disk-like cavitator drag
may be determined basing on the pressure coefficient in
the breaking point (3.33). :
In the region of small disturbed flow equation (3.7) is here
valid. Lets write separately expression for the coefficients
of (3.7) differing this equation from acoustic one for M<1,
M>1.

M<«l1
2y (n+1)ME 3¢
+[(1-M,,)-U—m§] (342)
M>1 :
[(M.,, 1) "”M 8’] (343
o

- Depending on the sign of B influence of the second

transonic term either favors change of, for example,
elliptic type of equation to hyperbolic one, or retards it.
In particular, the influence of a slender cone.like
cavitator will be decelerate this process and the influence
of a caviry, quite the reverse, will be accelerate one. When
transiting along the M axis from an entirely subsonic
flow to an entirely supersonic one the flow is usually
mixed, consisting of separate regions of sub- and
supersonic flows.



-The knows investigations found also at M~1 a
considerable increase of transverse sizes of the outer
region (region of disturbed flow) 1o O{1f3).

- On account of the considerably more great adiabatic
curve index for water n~7.13 in comparison to air, sizes of
the transonic region in water are to be considerably more
wide than that in air. At that the singularity at M ~]
may be assumed to be considerably more smooth, and
transverse sizes of the disturbed flow region will be
considerably more narrow than that in air.

As it follows from the estimare results ar 1- M2 = O{t) the

value of the second term in (3.42-3.43) is essential small.
Hence, an influence of the second term will be the less the
more narrow will be the transonic region and the sharper
will be the peak in the singularity region if the more
slender will be the cavitator and the cavity. At that due
to. the fearures of the structure of dependencies for the
drag of slender cavitators and the cavity aspect ratio
stransonic influence on the drag of slender cavitators has
to be more significant than on cavity aspect ratio.

- As it follows from the comparison (fig.(3.2)) of the
slender cone drag coefficient  with the data of nonlinear
numerical calculations [2}], extent of the transonic range
reaches here M ~0,7+15 for the case of water . For
aspect ratios in the case of disk o ~ {03 this region as
M>1 also seems to be considerable because values )
determined by nonlinear calculations [49] are different up
to 20% from the calculations in agreement with
dependence (3.16-3.17y at M ~1.2.

- At &fe > 0 it seems quite possible for a region close to
the cavitaror 10 be essentially wransonic and the outer
region of a slender enough cavity a8 o550 to be
supersonic. Two main moments are here principal:

1) The cavity aspect ratio is fully determined by the outer
solution and all the dependencies for (3.16,3.17) will be
valid here . But the value of wave losses and also whar
fraction of the cavitator drag will be transformed into the
energy of radial flow and, consequently, Ry ,is

determined namely by the transonic part of flow. As it
follows from the investigations of the transonic flows in
air{ 10, 13, 43] when transiting from M<1 to M>1 no
abrupt changes in the pressure distribution over the body
surface take place and the flow is reformed rather
smoothly when changing M in the transonic region. The
wave part of resistance at the front parts of bodies
appears smoothly too. Analogous, but the more smooth
process can be expected in the case of supercavitation
flow in water. This has some confirmation in the dynamics
of growing k included in dependencies (2.10-3.29) with
growing M.> ! on the basis of the numerical calculation
data at (o ~0025- 0,03) {49

M 0 i 1,05 1,1 1,15 1,20
o~ 0026 0.026 0.027 0029 0.03 0.031
k 0,934 1,003 1,016 1,047 1,115 1,198
k/k, 1 1,07 1,09 1,12 1,19 1,28
fork, ~0934.

4. MOTION PROBLEMS,

Flow over stabilizers - rhe rheory of sub, rrans, and
supersonic planing of a unit plate and of a system of
plates. Here a rather complete theory is developed taking
into account compressibility and a considerable
appearance of transonic effects and an actual smoothing
the peak maximum is revealed for the lift force in this
region [21).

The penerrarion problems here are connected with
appearance of considerable but short-time aciing
pressures in the instant of impact which exceed
considerably the pressures ar the motion with a constant
velocity and may actually reach values up to
(5-10x lO‘kg/ cm?. The linearized theory of penetration
is developed here rtaking into accounr plastic
deformations. Plastic deformation for speed comparable
with sonic speed are considerable even for strongest
steels and quickly increase if penetration speed is
increased.

Morion theory. The linearised theory of longitudinal and
transverse motion of elongated bodies is here developed.
The transverse motion under the action of initial
disturbances has ar that an obviously expressed
oscillatory nature. On the basis of the theory the models
of the decrease of the trajectory side disturbances and the
maximal increase of the length of the supercavitation part
of trajectory are developed [42].

Hydroelasriciry problems. At the elongated body motion
with the values M high enough they becomes similar to
the branches of a young tree. As a result of bending the
angle of attack of the end stabilizing surfaces is
significantly different from its values on the basis of the
ideal rigid body theory, which in the most real cases
proves to be applicable at ~ M < Q3. only. A linearized
theory of motion are developed with account hydroelastic
effects and the nature frequencies oscillations of bodies as
well as of compelling forces are obtained.

5. CONCLUSIONS

- The linearized theory of axisymmetric cavitation in an
incompressible fluid is nowadays complete enough.
Developed here rather simple methods really allow to
calculate stationary and nonstationary cavities at a given
pressure on the majority of real cases of flow without
applying very complicated techniques of nonlinear
numerical calculations.

- In the case of the compressibility flow application of the
developed earlier for M = (, methods of linearized theory
on the SBT basis together with the integral lows of
conservation is effective enough. Many features of
supercavitation flows for M = 0 hold also true in
compressible fluids but new seriocus problems appear.
Calculation methods of the linearized theory are effective

_enough as applied to compressible fluids and here a

number of solution is obtained. However, the quantity of
theoretical and experimental investigations as well as
opportunities of experiments are at present rather limited
in the given area and the main problem here is the
problem of verification. As the most topical and the least
investigated and the most complicated from the point of
wiev of the theory of small disturbed flows is here
development of the transonic suparcavitation flow theory
appearing in water in a considerably more extended range
of M as compared with air. Correspondingly, the
questions of reliable obraining principal sizes of cavities
and decrease of cavitation dragin this range of @ are of
large interest too.
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WATER ENTRY OF SHIP SECTIONS AND AXISYMMETRIC BODIES

Odd Faltinsen
Department of Marine Hydrodynamics
Norwegian University of Science and Technology
7034 Trondheim, Norway

Rong Zhao
MARINTEK, P.O.Box 4125 Valentinlyst
Trondheim, Norway

SUMMARY

Theoretical methods for water entry of two-dimensional and
axisymmetric bodies are presented. When the local angle
between the water surface and the body surface is very small,
hydroelasticity must be considered. The presented slamming
analysis assumes the structure is rigid. Two 2-D numerical
methods are discussed. One of the methods simplifies the
dynamic free surface condition and details of the jet flow.
Flow separation from sharp corners are incorporated. The
simplified method is generalized to 3-D axisymmetric flow
without flow separation. In order to verify the 3-D method,
water entry of axisymmetric bodies with small local deadrise
angles are studied analytically by means of matched
asymptotic expansions. A composite solution for the pressure
is presented. The numerical method is verified by comparing
with the asymptotic method and validated by comparing with
experiments for cones and spheres. It is demonstrated that
satisfaction of exact body boundary condition is more
important than satisfaction of exact free surface conditions.
The effect of local rise up of the water is significant.

1. INTRODUCTION

Impact between the water and a ship, i.e. slamming, can
cause important local and global loads on a vessel. Different
physical effects may have an influence. When the local angle
between the water surface and the body surface is very small
at the impact position, an air cushion may be formed between
the body surface and the water surface. Compressibility of the
air influences the air flow. The air flow interacts with the
water flow, which is influenced by the compressibility of the
water. When the air cushion collapses, air bubbles are
formed. The large loads that can occur during impact
between a nearly horizontal body and a water surface, can
cause important dynamic hydroelastic effects. This can lead
to subsequent cavitation and ventilation. These physical
effects have different time scales. The important time scale
" from a structural point of view is when maximum stresses
occur. This scale is the highest wet natural period for the
local structure. The effect of compressibility and the
formation and collapse of an air cushion are significant
initially and normally in a time scale much smaller than the
time scale of when maximum stresses occur. This may occur
for wetdeck slamming. By wetdeck is meant the structural
part connecting the side hulls of a multihull vessel.
Compressibility and air cushion formation will then have a
smaller effect on maximum local stresses relative to dynamic
hydroelastic effects. The largest impact pressures occur

initially and will have a. minor effect on the maximum
stresses. It is an initial force impulse that matters. The
reasons are that the largest pressures have a short duration
relative to highest natural period for the local structure and
have a small spacial extent at a given time instant.
Theoretical and experimental studies of wave impact on
horizontal elastic plates of steel are presented in refs. [1], [2],
[3] and [4]). Ref. [5] studied also aluminium plates. The
effect on plates with a small angle is discussed in refs. [3]
and [6]. It is demonstrated that dynamic hydroelastic effects
are significant. Ref. [7} studied slamming against elastic
wedges penetrating an initially calm water surface.

When the local angle between the water surface and the body
surface is not small at the impact position, local hydroelastic
effects are not important for slamming on ship cross-sections.
The slamming pressures can then be used in a static
structural response analysis to find local slamming induced
stresses. The air flow is unimportant and the water can be
assumed incompressible and the flow irrotational. Since
water impact is associated with high fluid accelerations,
gravity does not matter. The local rise-up of the water has a
significant effect. The spray by itself is not important for
slamming. The pressure inside the spray is close to
atmospheric. But the generation of spray is associated with
high pressure gradients on the hull. This is more dominant,
the smaller the local angle between the water surface and the
body surface is at the impact position. The water entry loads
on a ship cross-section with bowflare will introduce global
hydroelastic effects (whipping) of the ship. Flow separation
from knuckles should then be accounted for. Two numerical
methods for water entry of ship cross-sections will be
reported. They have been validated by comparisons with
model tests. One of the methods is exact within potential
theory. The other represents a simplification and is more
robust for engineering use. The theoretical and experimental
studies show that common engineering methods to predict
water entry loads on ship cross sections give too low
maximum force and wrong time history of the force.

Generalizations of the two-dimensional methods to three-
dimensional flow are needed. An asymptotic theory for water
entry of an axisymmetric body with small local deadrise
angles is presented. This represents a valuable tool for
verification of three-dimensional methods. It is demonstrated
that local rise up of the water at the impacting body is also
significant for three-dimensional flow.

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 simplified numerical method derived for 2-D flow is
generalized to water entry of axisymmetric bodies. The
method is verified by comparing with the asymptotic method
and validated by comparing with experiments for spheres and
cones. It is demonstrated that satisfaction of exact body
boundary conditions is more important than satisfaction of
exact free surface conditions. It is possible to further develop
the method and study water entry of a general 3-D structure.

2. SLAMMING LOADS ON SHIP CROSS-SECTIONS
Slamming on ship hulls is often categorized as bottom
slamming and bow flare slamming. The physics of bottom
slamming has similarities with wetdeck slamming. When a
bow flare section of a ship enters the water, the local loads
around the flare are not significantly influenced by
hydroelasticity. The pressure distribution can for instance be
estimated by the nonlinear boundary element method
developed by Zhao and Faltinsen [8]. This method accounts
for the local rise-up of the water and the spray generation
during entry. The fine details of the spray are neglected, but
this is believed to be unimportant for slamming pressures and
integrated water entry loads. A reason is that the pressure is
close to atmospheric pressure in the spray. Gravity is
neglected since fluid accelerations are initially dominating
relative to gravitational acceleration. Gravity may play a role
at a later stage of the water entry. However, it is a priori
believed that introduction of gravity in the numerical model
will not cause any problems. The numerical method solves
the two-dimensional Laplace equation for the velocity
potential as an initial value problem. The exact free surface
conditions without gravity and the exact body boundary
condition are satisfied at each time instant. An important
feature is how the intersection between the water surface and
the body surface is handled. Since the fine details of the spray
are not studied and the pressure can be approximated as
atmospheric in the spray, the spray is excluded in the
boundary element formulation. A control surface normal to
the body surface is drawn through the spray root. This
surface can be handled in a similar way as a free surface. The
advantage of doing this is that the intersection between the
water and the body at the free surface can be handled in a
more robust way. Following the details of the jet flow
associated with the spray could cause a small intersection
angle between the free surface and the body surface. Small
numerical errors would cause large errors in the prediction of
the intersection points. This can then destroy the numerical
solution. This is a more severe problem the more blunt the
body is. Since the free surface will have a high curvature
close to the body surface during water entry of a blunt body,
the free surface shape was described in ref. [8] by a higher
order description. If straight line elements are used, artificial
mass may be generated and destroy the accuracy.

Very good agreement with similarity solutions for wedges
“with deadrise angles between 4° and 81° and with
asymptotic solutions for small deadrise angles were
documented in ref. [8]. The water entry velocity is constant.
There is a peak in the pressure distribution at the spray root

close to the free surface when the deadrise angle is less than -

approximately 30°. This pressure peak is what is often
referred to as the slamming pressure. When the deadrise

angle is less than 20° the pressure distribution becomes
more and more peaked and concentrated close to the spray
root and sensitive to the deadrise angle. A consequence of

_this is that rolling could have an important effect on the

slamming loads. Faltinsen [9] validated the method by
comparing with drop tests of a bowflare section with a
constant heel angle of 22.5°.

The original method does not include flow separation from
knuckles or convex surfaces. Zhao, Faltinsen and Aarsnes
[10] have extended the original method to include separation
from knuckles. A Kutta condition implying tangential
velocity and continuity in the pressure at a separation point
is satisfied. The pressure becomes more uniformly distributed
in space after flow separation. The magnitude of the pressure
is still significant. Predicting flow separation from convex
surfaces have not been studied. This is a harder problem
because the separation point is a priori unknown. An
iteration procedure is needed. The flow separation cannot be
determined by a viscous flow analysis. The duration of the
water entry is too short to develop velocity profiles with zero
shear stress at a point on the surface. The latter is the normal
criterion for flow separation due to viscous effects. The
situation is believed to be more similar to cavity flow past a
blunt body like a circle in cross-flow.

Even if hydroelasticity does not affect the local loads during
water entry of a ship cross section, it may play an important
role in a global analysis. By considering the ship hull as an
elastic beam, the integrated water-entry force on for instance
a bow flare section causes transient hydroelastic response
(whipping) of the ship. The commonly used methods to
predict whipping due to water entry of ship cross-sections do
not account for the local rise-up of the water. Ref. [10]
demonstrated that local rise-up of the water is important for
water entry forces on bow flare sections. Its importance will
increase with increasing relative vertical velocities between
a ship cross-section and the water. The smaller this relative
velocity is, the more important is Froude-Kriloff and
hydrostatic forces. By Froude-Kriloff forces is meant the
pressure loads due to the incident waves only. Ref. [10] also
showed that the hydrodynamic water entry force is not
negligible when the flow has separated from the knuckles.
The peak in the vertical force occurs when the spray root is
at the knuckle.

If the hydrodynamic vertical water entry forces are expressed
in terms of the time derivative of infinite frequency added
mass as a function of submergence relative to undisturbed
free surface, the force part after flow separation from the
knuckles will be negligible. This is common to do. An
approach like this will also give too low maximum force and
a wrong time history of the force. The reason is that an
important part of the force is associated with the rate of
change with time of the wetted area. The local rise up of the
water implies a larger rate of change of the wetted area.

Ata late stage of the water entry, it is of interest to compare
the numerical results of vertical force with theoretical drag
coefficients for steady symmetric cavity flow past a blunt
body. These values are a function of the cavitation number.



Knapp et al. [11] defines the cavitation number as
K=(p,~p,)/0.5pV? for water entry. Here V is the velocity of
the body, p,, is pressure in undisturbed fluid at the depth of
the nose of the entering body , py, is the cavity pressure. The
cavity pressure is the same as atmospheric pressure in our
case. Further p is the mass density of water. According to ref.
[11], Cp, is 0.745 for two-dimensional symmetric steady
supercavitating flow (K=0) past a wedge with interior angle
120° at the nose. C, is defined as C D=F/(O.5pVZB). Here
F is the total force and B is the maximum breadth of the
section. This body shape was studied in ref. [10]. Since
gravity is neglected in the numerical computations, the water
entry force on the wedge should approach the results for
supercavitating flow when the submergence goes to infinity
and the drop velocity is constant. The results show that the
unsteady force part reduces slowly after a rapid decrease just
after flow separation from the knuckles. The results were
plotted as a function of the inverse of the submergence of the
wedge. This makes it easier to estimate asymptotic values
when V¢ goes to infinity. Here ¢ is the time variable. The
* results indicated that the computed C,-value for a wedge
with deadrise angle 30° approaches an asymptotic value
close to 0.745 when the submergence goes to infinity. The
numerical simulations should ideally have been continued for
larger submergences, but numerical difficulties were
encountered. The computations indicated that the cavity
becomes infinitely long when the submergence goes to
infinity. It is expected that the cavity will be finite if gravity
is included. The deceleration of the section will also affect the
solution.

The presented method does not solve secondary impact
problem. An example on this is water entry of a cross-section
with a sonar dome. The jet flow separating from the sonar
dome can cause secondary impact on the hull. The same may
occur due to flow separation from the bottom of a heeled
structure entering the water.

A simplified solution for water entry of a two-dimensional
body was presented by Zhao, Faltinsen and Aarsnes [10].
The solution is more numerically robust and faster than the
original method in ref. [8]. The quality of the predictions is
believed to be satisfactory for engineering applications. The
method is a generalization of Wagner’s method. Wagner
[12] developed an asymptotic solution for water entry of two-
dimensional bodies with small local deadrise angles. The
flow was studied in two fluid domains. The inner flow
domain contains a jet flow at the intersection between the

body and the free surface. In the outer flow domain the body .

boundary condition and the dynamic free surface condition
¢$=0 where transformed to a horizontal line. The kinematic
free-surface condition was used to determine the intersection
between the free surface and the body in the outer flow
domain. Satisfaction of the kinematic free surface condition
implies that the displaced fluid mass by the body is properly
accounted for as rise up of the water. This is not true for a
von Karman approach that does not account for the local rise
up of the water.

In the generalization of Wagner’s solution to larger local
deadrise angles only the outer flow domain solution is
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analyzed. A main difference from the Wagner theory is that
the exact body boundary condition is satisfied at each time
instant. The wetted body surface is found by integrating in
time the vertical velocities of fluid particles on the free
surface and finding when the particles intersect the body
surface. Wagner did also that, but he could use analytical
solutions due to the simplified boundary conditions. The
dynamic free-surface condition is the same as Wagner used.

" This is a simplification relative to the more complete method

presented in ref. [8]). The pressure is calculated by the
complete Bernoulli’s equation without gravity. It has not
been possible to find an inner flow solution near the spray
roots that matches the outer flow solution for finite deadrise
angles. This would have made it possible to exclude in a
rational way the large negative pressures that occur at the
intersection points in the outer flow solution. The procedure
is simply to neglect the negative pressures. The theory was
verified by comparing with the fully nonlinear solution and
validated by comparisons with model tests. The simplified
theory shows the importance to satisfy the exact body
boundary condition and include the local water elevation at
the hull. The exact dynamic free-surface condition is less
important.

The simplified nonlinear analysis in ref. [10] was extended
by Zhao, Faltinsen and Haslum [13] to include flow
separation from fixed separation points. This is done by an
iterative process. A shape of the separated free-surface is
assumed and the kinematic free-surface condition is satisfied
on the assumed free surface. The functional form of the
separated free-surface is found by an analytical solution close
to the separation point. The shape of the separated free
surface is iterated until the difference between the pressure
on the separated free-surface and atmospheric pressure is
minimized. A Kutta condition is satisfied at the separation
points. The solution was verified by comparing with the fully
nonlinear solution in ref. [10] for water entry of wedges with
knuckles. The method was also validated by comparing with
experiments from drop tests of a wedge and a bow flare
section with knuckles.

3. ASYMPTOTIC THEORY FOR WATER ENTRY OF
AN AXISYMMETRIC BODY

In order to generalize the two-dimensional numerical
methods to three-dimensional methods for water entry of
ships or other structures, analytic solutions are important as
verification tools. This is a motivation for studying an
asymptotic theory for water entry of an axisymmetric body
with small local deadrise angles.

The theory of Wagner [12] for water entry of a two-
dimensional body will be generalized to an axisymmetric
body. It will be shown that an axisymmetric outer flow
solution matches Wagner’s inner two-dimensional jet flow
solution and that a composite solution for the pressure
distribution on the body can be constructed. The matching is
similar as Cointe [14] did in two dimensions. Chuang [15]
and Shiffman and Spencer {16] studied also the outer flow
solution during water entry of an axisymmetric body.
Chuang’s solution is approximate and leads to different
results than ours.
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The body shape and definition of coordinate system are
shown in Fig. 1. The water entry velocity V is assumed

Fig. 1 Water entry of axisymmetric body. Definition of
coordinate system.

constant. The instantaneous draft relative to calm water is V¢
where ¢ is the time variable. The vertical distance from the
lowest point of the structure to the intersection between the
free surface and the body shape is 1,(r) in the outer flow
description. The corresponding radial coordinate r is c(t).
is a local deadrise angle and assumed to be small in the fluid
domain. The fluid is assumed incompressible and the flow
irrotational. Boundary conditions in the outer flow are shown
in Fig. 2. Since P is assumed small, the body boundary
conditions are transferred to the lower part of a circular disc
with radius c(t). The dynamic free surface condition $=0 is
satisfied on a horizontal plane as shown in Fig. 2. The
kinematic free surface condition is used to find c(t).

4
r4

¢=0
Ll }C

Oag

az="V

Fig. 2 Boundary conditions in the outer flow domain used in
the analysis of water entry of a blunt axisymmetric
body.

We need the velocity potential ¢ on z=07, r<c. We use the
solution in Milne-Thomson [17] on p.499-501. The velocity
potential is given by
=-2—V c?-r? 1)
T
The solution agrees with Chuang’s [15] solution. When we
want to find the vertical velocity w at z=0 for r>c, it is

convenient to start out with the stream function . It follows
that

S (CE RO
T c r

When r/c ~ =, w ~ 2Vc*(3nr?). The behavior is as

expected like the flow due to a vertical dipole with singularity
at r=0 and z=0. We should note that the dominant term when
r ~ ¢ agrees with ref. [15], but not the complete expression
given by Eq. (2). When r ~ =, his solution for w behaves
liker “* and does not have the proper behavior.

We now want to find the intersection line between the body
surface and the free surface like Wagner [12} did in the outer
flow problem in two dimensions (see also Faltinsen [18]).
The free surface elevation at the body and relative to the
bottom of the structure can be found by integrating w in time
and adding Vr. This has to be equal to n,(r) which is the
vertical coordinate of a point on the structure relative to the
bottom (see Fig. 1). We can write

() = ji% {( (5)2-1) ™ sint (g)} ‘ 1]p<c)dc )
0

where

u(c) = Vdidc G}

Eq. (3) is an integral equation for p(c). When p(c) is found,
we use Eq. (4) to find c(t). We write u(c) = ZA c". We
will in practice be interested in n=0 and 1. It follows that Eq.
(3) can be written

4 3 5
= A—r + A= 5
(" o7 AT 5

Case] Co

We can write 1,(r)=rtanB where [ is the deadrise angle. It
follows from Eq. (5) that A,=0 and Ay=m/4tanf. The
solution of Eq. (4) is

4 vt

_ %
C(t). mtanf

tanf

This does not agree with Chuang [15], who gets
¢=1.36 Vt/tanf . But the result agrees with Shiffman and
Spencer [16]. The 2-D result for a wedge is (n/2)Vt/tanf.
This means that the rise of water is higher for a wedge than
a cone with the same [ at the same time. In calm water we
have Vttanf.

= 1.27 6)

Case II Sphere (small submergences

We can write 1,=0.5 r%/R where R is radius of the sphere.
It follows from Eq. (5) that A,=0 and A =2/(3R).
Integration of Eq. (4) gives

c®) = 3RV @)

for a sphere at small submergences. In calm water we have
v2RV:. Wagner's method for a circular cylinder gives
2/RVt. So our result is between a von Karman approach, i.e.
no local rise of the water, and a Wagner approach for a
circular cylinder. We note that dc/dt -~ ~ whent~ 0. This
is similar as for a circular cylinder and indicates that
compressibility of the water is important initially.



The ratio C,, between the vertical coordinate 1, corre-
sponding to Eq. 7 and the submergence of the sphere with no
local rise up of the water is time independent and equal to
1.5. This agrees with Ref. [16]. If the flow separates above
1, C,, has aphysical meaning as a wetting factor. This may
not be so for a cone. A thin jet flow above the intersection
line corresponding to Eq. (6) may stay attached to the cone.
This case will be analyzed after the following matching.

Matching
We will match the inner 2-D jet flow solution by Wagner

with our outer 3-D solution for axisymmetric flow. It follows
from Eq. (1) that an inner expansion of the outer solution
near r=c is

b = 27V\/2—c or | ®)

for r < c. The outer expansion of the inner expansion follows
from earlier 2-D analysis in refs. [8] and [14] and is

—4@\EJFr ©)
adt\ =«

where 0 is the jet thickness (see Fig. 3). Since Eq. (8) and
(9) should be equal, it follows that
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Wagner’s inner flow solution assumes that the jet flow has
semi-infinite extent with thickness &. In reality this is not so.
Cointe [14] analyzed the details of the jet part of the flow for
a 2-D wedge and matched with the inner flow by Wagner.
Cointe assumed the jet stayed attached to the wedge. We will
do similar for a cone. The detailed jet flow has a triangular
form in the r-z plane with a length (V¢ and an intersection
angle a between the cone surface and the free surface (see
Fig. 4) The volume Vol(t) of the detailed part of the jet flow
around the cone is

Vol(t)=21ra{%(c+0VtcosB)(ﬂVt)2 - %cosB(ﬂVt)J}

z4
Jet domain

Inner domain

V2 decya
= Y 10
o ( dt) (10
[
-8 -4
' 0

Fig. 3 2-D inner flow domain at the spray root during water
entry of blunt axisymmetric body.

For a cone we get (see Eq. 6)

6 =

cone .

tanB(Vy) an

0 | =

The 2-D result for a wedge is twice the expression for a cone.
For a sphere at small entrances we get

~ 2 (Vt)3/2

6.\'phere T T =
™3 VR

12)

o[

Fig. 4 Attached jet flow during water entry of blunt
axisymmetric body.

It follows by using fluid mass continuity that pdVoi(t)/dt is
equal to p(dc/dt)d 2mc, which is the fluid mass flux into the
detailed part of the jet flow. This gives ¢V=dc/dt and

S

o=—-=tan’p - /32
Ve

The a-value for a wedge with the same B is 16 times as large.

The wetting facta C, for a cone with attached jet flow is

then 4(1+1/cosp)/m which for small angles f is

approximately 2.5. A similar 2-D analysis for a wedge gives
C,=n-1.

Composite soluti I the pressure

We will construct a solution for the pressure on the body that
is valid both for the inner and outer flow. If only the outer
flow description was used, it would lead to infinite pressures
at r=c. The composite solution gives finite values for the
pressure when 0. We will construct the composite solution
in the same way as Zhao and Faltinsen [8] did for the 2-D
water entry problem. It follows from Eq. (1) and Bernoulli’s
equation that the leading order pressure in the outer domain
on the body is

(CZ_rZ)-IIZ

__p2V dc
Pou pa_Tc_

dt
p, means atmospheric pressure and p is the mass density of

water. The pressure in the inner domain follows from Eq.
(4.2) in ref. [8] and is given by

PP, =2pldcldt)?| | V(1 +] 1) %) 2 13)
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where |T| isrelated to r by
r-c=(8/m)(-In|t| -4|t|2-|7|+5) (14

(see Eq. (4.3) in ref. [8]). & is given by Eq. (10). The
composite solution for the pressure on the body for
O<r<c(s) is then (compare with Eq. (4.5) in ref. [8]).

2V dc( c

PPy =P -r)2-Q2c(c-r)™)

(15)
+ 2pldc/dn? | )2 (1 +] | V32

When r>c(r), Eq. (14) is used. c(#) is given by Eq. (6) for
a cone and by Eq. (7) for a sphere. |t| is related to r by Eq.
(15) and & is given by Eq. (11) for a cone and by Eq. (12)
for a sphere.

" The theory is an asymptotic theory valid for small local
deadrise angles. The maximum pressure is 0.5p(dc/dr)*+p,
and occurs at r=c(f). The maximum pressure on a cone is
then

gv?

Poadeone Pa™P——52 (16)
o n’tan*p

Chuang predicts higher maximum value. The dominant
pressure term in his expression for small B is p9.2V¥/n?p2.
This is consistent with that Chuang predicts higher values for
dc/dt than us. The ratio between the maximum pressure on
a cone and a wedge with the same value of P is with our
analysis

(pmax)mne P a
(pmax)wedge P a

= 0.66 am

a.|2

Wagner’s solution has been used for the wedge. Chuang [15]
finds that this ratio is 0.75. This is based on Pierson’s [19]
analysis for a wedge. Takemoto [20] has compared Chuang’s
theory with Chuang and Milne’s [21] experiments for a cone.
He corrected for that the pressure gauge has a finite diameter
and that the large pressures around maximum pressure have
a small spacial extent. The latter becomes more and more
pronounced the smaller { is. He presented comparisons for

B = 1°,3% 6° 10° and 15°. In all these cases the finite
size of the pressure gauge represented an important
correction. Further Takemoto corrected for the velocity of the
cone is smaller when the pressure gauge comes into the water
and maximum pressure occurs. Takemoto [20] documented

good agreement with Chuang’s theory except possibly for
B = 1°. Air cushion effects may then matter. Making
similar corrections with our theory give also good agreement
with the experiments. Actually the agreement is better except
for B = 6° where it is difficult to say which theory agrees
best. At the nose of the cone (r=0) our analysis gives
ProsdeonePa = PBV(m*tanP). Aslong as B<45°, this is
lower than (p,,.),,..- This result is consistent since B=45°
can hardly be called a small angle. The ratio between the
pressure at the nose of a cone and a wedge is [(p 1/

[pnose)wedge Pa] 16/7: = 0.51.

ﬂOSC cone pa

The maximum pressure on a sphere is time dependent while
it is not for a cone with a constant water entry velocity.
Actually when ¢=0 the pressure on a sphere is infinite based
on the preceding analysis. Other physical effect like airflow
and compressibility of the water will make the pressure finite
at the initial time. Hydroelasticity will also matter. If we want
to find the resulting local maximum structural stresses, this
may be the most important part (Faltinsen [3]).

Vertical force

The vertical force F; can be obtained by properly
integrating the composite solution for the pressure. An
alternative approximate way is to use the outer solution. It
follows that

F -pZ‘—’ Ef_—z’"d’ -paver® as)

\/;‘T dt

This is based on constant entry velocity V. If V changes, the
added mass force A;;dV/dt has to be added. By using Eq.
(1) and the definition of added mass it follows that

A33=72T-p c2-r?2mrdr = —;—pc3 19)

0

The total water entry force can then be written
F=Lam 20)
dt

Eq. [18] can be shown to be asymptotically correct to lowest
order by using conservation of momentum as the fluid. The
momentum flux into the jet flow is then higher order. It is
also possible to show Eq. [18] by energy arguments. The
hydrodynamic work done on the body is F;V. This is equal
to the sum of the flux of kinetic energy out into the jet and the
rate of change with time of the kinetic energy in the fluid. The
kinetic energy flux out into the jet is

_2_252
( ) Cdt

By using Eq. (10) this can bé written p2V%c?dc/dt. The
time derivative of the kinetic energy in the fluid is

Pady _A V = 2__V
( ) 2pc "

This follows by Eq. (19) and using that the kinetic energy can
be related to the added mass. This proves Eq. (18) by energy
arguments. Ref. [22] used similar arguments for 2-D flow.

By assuming V is constant and using Eq. (6) it follows that
the force on a cone is

F, = 4(4/m)’(Vi)*pV2ian’p @1




By using Eq. (7) it follows that the slamming force
coefficient for a sphere at small submergences is

F.
C = — - 12‘5(%)‘” 22)

£ 0.5pnR2V? T

A similar result has been derived in refs. [23] and [24]. Eq.
(22) shows that the initial C -value is zero and increases
with time. This is opposite of the behavior of the impact of
horizontal circular cylinder which starts initially with a finite
C,-value with a Wagner type of analysis.

Miloh {25] has studied theoretically the impact of a sphere.
His analysis did not incorporate the local rise up of the water.
However, he satisfied the exact body boundary conditions for
any submergence. Miloh [25] predicts a maximum value of
C,=0.96 at Vi/R~0.2, which means a local deadrise angle
Bof 37° at the intersection between the undisturbed free
surface and the body. An asymptotic theory would be
questionable at so large B-values. Miloh’s analysis for small
values of V#/R could be compared with an asymptotic
analysis with a von Karman approach. This give a slamming
coefficient of (8y2/m) (V#/R)"2. Miloh [26] studied in
details the asymptotic behavior for small values of V#/R
based on the solution in ref. {25]. Terms of O((VH/R)*?)
were included. He discussed the influence of wetting
corrections. If he used C,_= 1.5 like in the asymptotic
method presented in this chapter, he got

C, = (12/3/m)t"2-5361 - 5.760°"° (23)

where T = V#/R. The leading order term agrees with Eq.

(22). He found by using his computational value C_ =1.327

that
C, = 5.5t"%-4.19t-4.261" (24)

This agrees satisfactory with the experimental data in ref.
[27] for ~0.08<t"?<~0.53. The maximum value of* C,
based on Eq. (24) is 1.26 and occurs when Vi#/R=0.164.

4. THREE-DIMENSIONAL NUMERICAL METHOD
The simplified 2-D water entry theory described in ref. [10]
will be generalized to 3-D flow with an axisymmetric body.
A coordinate system rz, which follows the vertical motion
of the body is used (see Fig. 5). The problem is solved as an
initial value problem. Green’s second identity is used to
represent the velocity potential ¢ as a distribution of
Rankine sources and dipoles over the body surface and a
horizontal plane outside the body that starts at the
intersection line between the body and the free surface (see
Fig. 5). The dynamic free surface condition =0 is
satisfied. ¢ is represented in the far-field as a vertical dipole.
The dynamic free surface condition implies that fluid
particles on the free surface have only vertical velocities. Fig.
5 illustrates the free surface I/, and [, at two time
instances ¢, and ¢,,,. The free-surface condition is satisfied
on the horizontal planes L;and L., at ¢ and . An
integral equation is used at each time step ¢, to find the
velocity potential on the body surface and the vertical

PT
T 240 N
(|1 ] )é’lﬂol

S Y |

Fig. 5 The coordinate system (r, z,), the real free surface
¢ and the horizontal lines L used in the numerical
simulation for time steps f;, and f, , in the

simplified solution of water entry of an axisymmetric

body.

velocities at  L,. It is assumed that the vertical velocity on
L, for a given r-value is the same as the vertical velocity on

l;. The solution can be stepped from t = ¢, to ¢ = ¢,
in the following way. The procedure is first to decide the
intersection line (r,,,,z|"') attime ¢, , and then find what

At = ¢, - ¢, mustbe. One can write

fie

:{ W(c(®).r,,,)dt (25)

AP

where AP = PT,,, - PT, (see Fig. 5) and Wis the relative
vertical velocity of a point between PT; and PT,,; withr-
coordinate  r;,,. W depends on c¢(t) which is the r-

coordinate of the intersection line between the free surface
and the body surface at time t. Eq. (25) can be written

fivt
- dt
AP = f Welthr,.) de (26)

This is evaluated numerically by using an average value
(drdc),, for dildc. W is expressed in terms of a local
solution. Here a local polar coordinate system (R,, 0,) is
used (see Fig. 6). W can be written as

W = —(DIQ-y/m)REY™ ! @7

where R, is (r,

i+l

-c(#)). v is defined in Fig. 6 and is
assumed constant from ¢, to ;. D is found from the
global solution. An average value D, for the two time
instances ¢, and ¢, is used. Eq. (26) can now be

analytically integrated. It follows that

A
@ty .. ap

- (28
™ D (r,,-r)ev !

At is now determined as (dt/dc), (r,,,~r;)-
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Fig. 6 Local polar coordinate system (R,, 6,) and local
Cartesian coordinate system - (r, z,). I is
intersection between the body and the free surface
P=local deadrise angle. Free surface condition is
satisfied on the r,-axis.

Intersection point |

Body surface

After the velocity potential on the body surface has been
determined, the pressure distribution on the body can be
found from Bernoulli’s equation. Special care is shown near
the intersection between the body and the free surface. Since
the velocity is infinite there, the velocity square term in
Bernoulli’s equation will be negative infinite. It can be
shown that the -pod/or-term is positive infinite at the
intersection point, and that the velocity square term is more
singular than the -pAdd/O¢-term. Therefore the total pressure
is negative infinite. But this is an integrable singularity. Let
us define the integrated vertical force for the part with
negative pressure as F,, and from the part with positive
pressure as F,. It can be shown that  F/F, goes to zero
when the deadrise angle goes to zero. For small deadrise
angles, the maximum pressure (positive) is obtained near the
intersection point.

4.1 Verification and validation
It was documented in chapter 3 that maximum pressures
predicted by the asymptotic method on cones with deadrise
angles B between 3° and 15° are in good agreement with
experimental values. Fig. 7 shows the pressure distribution
on a cone with P=10°. The agreement between the
numerical method and the asymptotic method given by Eq.
(15) is good. Similar comparisons were made for P between
5% and 30°. The smaller B is, the better the agreement is.
"Results for P=30° are shown in Fig. 8. The asymptotic
method shows a small nearly non-noticeable kink in the
pressure distribution around maximum pressure. This is an
indication that B is too large for the asymptotic theory to be

P-Ps_
0.5pV?2

60+

50+

404

204

10

04 +* > Z
1 T 1 T ¥ T L] Vt
-0 -08 -06 -04 -02 00 0.2
Fig. 7 Prediction of the pressure distribution during water
entry of a cone with constant downwards velocity V.
Deadrise angle B=10°, ++++, numerical method;
———, asymptotic solution.
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Fig. 8 Predictions of the pressure distribution during water
entry of a cone with constant downwards velocity V,
Deadrise angle B=30°. ++++, numerical method;
——, asymptotic solution.



valid. We note that the magnitudes of the predicted pressures
are similar, but the numerical method predicts less rise up of
the water than the asymptotic method. This is also evident
from Fig. 9 where the wetting factor C, =1,/(V1) (see Fig.

1) is presented versus P. The vertical force as a function of -

Cva
1.30 1

LYY A A
1.25 1 A, a

A
1.20 A
A
1.154 a
1.10
A

1.05 4
1.00 »

T T T T I‘VB

o° 200 Lol 60° 800

Fig. 9 Wetting factor C,, during water entry of a cone with
constant downwards velocity. Presented as a function
of deadrise angle . aasa, numerical method; ,
asymptotic solution.
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Non-dimensionalized vertical force F, during
water entry of a cone with constant downwards
velocity V. Presented as a function of deadrise

Fig. 10

angle P. ssas, numerical method; ——,
asymptotic solution; ----- experiments (Watanabe
[28]).

B is shown in Fig. 10. The force calculated by the numerical
method is obtained by pressure integration, while the
asymptotic method is based on Eq. (21). The force has been
non-dimensionalized so that the asymptotic method predicts
a constant non-dimensionalized value as a function . The
numerical method predicts a decreasing non-dimensionalized
force with increasing B-value. This is consistent with the
wetting factor in Fig. 9 and that the two different methods
predict similar magnitudes of pressures for B<30°. The two
methods agree when P -~ 0. Experimental values by
Watanabe [28] are also presented in Fig. 10. Watanabe
performed drop tests for P between 5° and 20°. An
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empirical force formula that depends on the structural mass
M of the dropped object was presented. The results in Fig. 10
are obtained by letting M ~ «. The agreement between the
numerical method and the experiments is good except that
the experimental non-dimensional values show a small
increase with increasing p.

Cw AT
1.6
1.5-&
AN
1.4 ~
—~
1.3 T —
—
1.2+
1.1
1.0+
) T 1 T 1 >
0.0 0.1 0.2 0.3 0.4 05
t=VIR
Fig. 11 Wetting factor C,, during water entry of a sphere

with constant downwards velocity V versus
dimensionless time. , numerical method; -
————— , experiments (Cooper {29]);———,
experiments (Shiffman and Spencer [23]).

Fig. 11 shows the wetting factor as a function of T=V#/R
during water entry of a sphere with constant downwards
velocity V. Experimental results by Cooper [29] for
0<1<0.2 and by Shiffman and Spencer [23] for 0.2<t<0.8
are presented together with results by the numerical method.
_ The asymptotic method predicts C,_=1.5 which is in good
agreement with the numerical method and the experimental
results in ref. [29]. The agreement with ref. [23] is less good.

Fig. 12

Slamming coefficient C_ during water entry of
sphere with constant downwards velocity V versus
dimensionless time.~ ¢ — o—, numerical method
and pressure integration; —— numerical method

and VdA,./dt; ———, Eq. (23) (Miloh [26]);
————— .Eq. (24) (Miloh [26]); ---------,
experiments (Moghisi and Squire [27]).
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Fig. 12 shows the slamming force coefficient C, defined by
Eq. (22) as a function of 7. Egs. [23] and [24] proposed by
Miloh (26) are plotted together with results by the numerical
method and the experimental results by Moghisi and Squire
[27]. The force calculated by the numerical method is
obtained by pressure integration. The quantity VdA,,/dt
where A, is our calculated infinite frequency added mass in
heave as a function of submergence, is also plotted in Fig. 12,
When T ~ 0 (see the discussion in chapter 3), VdA,,/dt is
the vertical force based on conservation of momentum in the
fluid. The derivation requires that the pressure is atmospheric
on the free surface. When T is finite, the condition of
atmospheric pressure on the free surface is not satisfactorily
satisfied with the “$=0 condition” on the free surface. The
quadratic velocity term in the Bernoulli’s equation for the
pressure cannot be neglected. This is why VdA,,/dt for finite
T does not agree with the force obtained by pressure
integration. The experimental results for 1<0.16 are based
on the empirical relation found by regression analysis in ref.
(27). The results for 0.16<t<0.3 are based on own
judgement of the experimental results. We note that both Eq.
(24) and the numerical method based on pressure integration
agree quite well with the experimental results. When 7 - 0,
the numerical method agrees with the asymptotic results
given by Eqgs. (22) and (23), but not with Eq. (24). When
> ~ 0.25, the numerical method and Eqs (23) and (24) have
a different trend. The reason is that Eqs. (23) and (24) are
based on T being small. Eq. (23) agrees quite well with our
calculations of VdA,,/dt up to T ~ 0.25. The reason is that
Miloh’s derivation of Eq. (23) is consistent with using
VdA,;/dt as the vertical force together with a wetting factor
of 1.5. Our results show that it is better to use pressure
integration than calculating the force as VdA,,/dt.

These verification and validation tests document that the
numerical method is a valuable tool for studying water entry
of three-dimensional bodies. However, since the atmospheric
pressure condition is not satisfactorily satisfied on the free
surface for finite values of the local deadrise angles, it is
recommended in the future to generalize the more complete
2-D method presented in ref. [8] to 3-D flow.

5. CONCLUSIONS

Theoretical methods for water entry of two-dimensional and
axisymmetric bodies are discussed. When the local angle
between the water surface and the body surface is very small,
hydroelasticity should be considered. The presented analysis
of water entry loads assumes that the local angle between the
water surface and the free surface is not very small. The
structure can be considered rigid and compressibility effects
can be neglected. Two 2-D numerical methods are discussed.
Both methods satisfy the exact body boundary condition and
account for the local rise up of the water. One of the methods
satisfies the exact free surface condition without gravity. The
studies show that it is more appropriate to approximate the
free surface conditions than the body boundary condition.
Flow separation from sharp corners has been incorporated.
Gravity has been neglected, but should be incorporated after
flow separation occurs. The loads after flow separation have
been found to be non-negligible. The simplified method has

been generalized to 3-D axisymmetric flow without flow
separation. In order to verify the 3-D method, water entry of
axisymmetric bodies with small local deadrise angles are
studied analytically. An inner domain solution for the jet flow
is matched to an outer solution and a composite solution for
the pressure is presented. Verification and validation tests for
spheres and cones are reported. It is demonstrated that the
local rise-up of the water is also important during water entry
of a blunt 3-D structure. A common formula for the impact
force in terms of the time derivative of added mass is
discussed. It is only recommended to use this formula as long
as the local deadrise angle is small.
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SUMMARY

The problem of a two-dimensional body impacting a
free surface is studied using potential theory. When
the angle (or its tangent) between the body and the
free surface is very small, i.e. when the free surface
and the body are almost parallel, the method of
matched asymptotic expansions provides a first or-
der composite solution. This solution includes three
subdomains: the far-field, the spray root and the
jet domains. This asymptotic solution appears to
be a good approximation of the nonlinear solution,
even for large values of the small parameter. In
this paper, the asymptotic expansion for a wedge
with small deadrise angle is extended up to second
order for the far-field problem. This allows the
jet volume to be taken into account within the
composite solution. Then, a direct time domain
simulation of the problem is performed using a
mixte eulerian-lagrangian method. In order to
overcome the numerical difficulties that arise at the
body-free surface intersection, a special numerical
treatment is introduced, based on the asymptotic
solution describing the jet. This treatment allows
the influence of the jet to be accounted for without
having to actually compute the flow in the jet.

1. INTRODUCTION

The water entry problem has led to numerous study
since the early thirties and the pioneering work of
Von-Karman [13] and Wagner [14]. As a model, the
two-dimensional water entry of a wedge at constant
vertical speed into a free surface initially at rest
will be discussed here. The wedge is supposed to
be rigid, the fluid perfect and the flow irrotationnal.
This problem is one of the simplest example of
the violent deformation of the free surface in the
vicinity of a moving surface piercing body. It is
.nevertheless strongly nonlinear because of the free
surface boundary conditions which not only include
quadratic terms but also are written on an a priori
unknown boundary.

For a numerical resolution of the problem, the
Mixted Eulerian-Lagrangian method (MEL) ap-
pears particulary well suited for the study of free
surface potential flows (e.g. Cointe [2]). However,
the use of this method is not straightforward here
because of the jet that develops at the intersection
between the free surface and the impacting body.
The existence of this jet, the thickness of which
is small compared to the characteristic length
of the structure, leads to a large increase of the
computationnal time. This stems from the fact
that the spatial discretisation needs to be fine
enough to capture the jet and that the numerical
time-step needs to fit both the spatial discretisation
and the time evolution of the jet. The jet can
not be ignored, however, if one wishes to estimate
quantities such as the force imposed on the body.
Molin, Cointe and Fontaine [10] show that at the
beginning of the impact, half the energy given to
the fluid corresponds to kinetic energy of the jet. A
way to overcome these difficulties and to achieve the
numerical resolution of the problem is to simulate
most of the flow using the MEL method and to
introduce a local model in order to take account of
the influence of the jet on the flow. This approach
will be used here, using asymptotic methods to
study the local flow.

2. ASYMPTOTICS SOLUTIONS

2.1 Self-similar flow
Dimensional analysis allows to express the potential
as (see fig. 1 and 2 for notations):

2 z y gt

¢" |4 t.fl(-"/—tv Vtr V) )

For very small time or for very large impacting
speeds, i.e. when gt/V < 1, gravity effects can be
neglected. The only length scale in the problem is
then the immersion Vt of the wedge. The flow is
therefore self-similar and the number of independant
variables can be reduced from three -z, y,t- to two:

vy E Y.

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: lllustration of the different subdomains of the composite solution.

The self-similar nature of the problem allows a
mathematical study of this strongly nonlinear flow.
Wagner [14] demonstrated an arc length conserva-
tion property along the free surface. This means
that the free surface deformation is similar to that
of a sheet of paper. Wagner used this property to
introduce a mapping allowing to map the unknown
and unbounded fluid domain to a domain bounded
by straight lines. Dobrovol’skaya [3] reduced the
problem to the resolution of an integral equation.
It is only very recently, however, that Fraenkel and
McLeod (6] produced an existence and uniqueness
proof. When the free surface and the body are
initially almost parallel (tanf <« 1), Fraenkel and
McLeod [6] obtained an asymptotic expansion of
the exact solution expresssed in terms of the small
parameter tan 4. '

2.2 First order composite solution

In the same configuration, a more heuristic approach
based on the matched asymptotic expansions can
be used. A first order composite solution (e.g.
Cointe [1], Howison, Ockendon et Wilson [7]) can
be obtained taking tan 6 as small parameter. This
method leads to defining three different zones in
which three asymptotic expansions are performed
(see fig.1):

o The far field (or outer) flow is defined on a
length scale equal to the wedge wetted width
AVt/tan@. This flow is given by the flow with-
out free surface around a flat plate of width the
wetted width.

o The spray root (inner flow) is defined on a length
scale equal to AVttand. The flow is given in
this zone by a steady free surface flow with jet.
The inner solution depends on two parameters:
the thickness of the jet and the position of the
stagnation point.

o The jet itself is defined on a length scale equal to
the wedge wetted width but on a thickness scale
equal to the thickness of the jet in the spray
root. The flow in the jet is governed by shallow
water equations.

Matching these three solutions allows the determina-
tion of the jet thickness and of the wetted width. The
resulting composite solution is in very good agree-
ment with the expansion of the exact solution per-
formed by Fraenkel and McLeod [6]. In particular,
in the limit where 8 goes to zero, the arc length con-
servation property is satisfied and the value of the
intersection angle between the jet and the wedge is
correctly estimated:

o8
i=5;

2.3 Pressure distribution

Different composite solutions for the pressure dis-
tribution are proposed by Wagner [14], Cointe [1]
and Zhao & Faltinsen [15]. The inner and outer
solutions are the same in these three references,
even different notations are used. Nevertheless, the
composite solutions for the pressure distribution
differ since different matching procedure are used
to match outer and inner solutions. Wagner [14]
and Zhao & Faltinsen [15] used classical matching
procedure as describe in ref. [12] and [8]. In that
case, the position of the stagnation point remains
undetermined at first order. From a theoretical
point of view, this parameter should be determined
by matching the inner solution and the second
order outer solution. Cointe [1] proposed to fix
this parameter by matching inner and outer so-
lutions for the maximum pressure. Even being
not completly coherent, this matching enables one
to account for second order effects in a very sim-
ple and practical way as will be demonstrated below.



The pressure distribution can be characterised
(see fig.2 ) by the maximum pressure coefficient
CPmaz, the location ymar on the wedge of the
pressure pic, the width AS of the pressure pic at
half height, and the vertical force Fy, i.e., the area
of the pressure distribution.

4 Pressure

Figure 2: Characteristic parameters describing the pressure
distribution.

All these quantities are ploted in figure 3 to 6. Good
agreement is observed, even for relatively large
values of 6, when comparing with the numerical
solution obtained by Zhao & Faltinsen [15] using
Dobrovol’skaya’s approach [3].
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Figure 3: Non-dimensionalized maximum pressure coeffi-
cient during water entry of a wedge with constant downward
velocity V. Presented as a function of the deadrise angle §.
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Figure 4: Non-dimensionalized width AS of pressure pic
at half height during water entry of a wedge with constant
downward velocity V. Presented as a function of the deadrise
angle 6.
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Figure 5: Non-dimensionalized position Ymaz of pressure
pic during water entry of a wedge with constant downward
velocity V. Presented as a function of the deadrise angle .
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Figure 6: Non-dimensionalized vertical force Fy, during wa-
ter entry of a wedge with constant downward velocity V. Pre-
sented as a function of the deadrise angle 6.

The vertical force is obtained by numerical in-
tegration of the composite pressure distribution.
This enables to account for second order effects
since the spray root domain is taken into account.
However, an exact second order estimation of the
force would need the second order outer solution to
be matched with the spray root solution. Figures
7 and 8 show a comparison between numerical
results and experiments by Zhao, Faltinsen and
Aarsnes [16] for the water entry of a wedge with
deadrises angle § = 30°. Good agreement is
obtained for the prediction of vertical force and
pressure coefficient. The mesured vertical velocity
is used to perform the simulation but Magee &
Fontaine [9] present a coupled approach where the
force and the motion are computed simultaneously.
The differences that appear between the numerical
and experimental results at this end of the simula-
tion come from the fact that the flow separates and
the jets develop in the air instead of along the wedge.

The asymptotic solution can also be extented
to the case of blunt bodies of arbitrary shape and/or
for curved but flat free surface (Cointe, [1]). From
a practical point of view, the numerical integration



25-4

of the composite pressure distribution by Cointe [1]
leads to a robust and easy way to estimate impact
loads.
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Figure 7: vertical force Fy, during water entry of a wedge
with deadrise angle § = 30°.
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Figure 8: Coefficient pressure, along a wedge with deadrise
angle @ = 30°, immersed at h at the beginning of the impact
(t=0.00435s).

3. SECOND ORDER OUTER SOLUTION

However, the composite first order solution de-
scribed below satisfy only volume conservation at
order (Vt)?/tand. The jet volume, of order (V)2
is neglected. In order to take it into account, it is
necessary to solve the outer problem at second order.

3.1 Outer flow

The first order outer solution is given by the flow
without free surface around a flat plate [14]. This
solution is singular near the edges of the plate, i.e. at
the intersection between the outer expansion of the
free surface and the wedge. This singularity leads
to the formation of a jet in the vicinity of this in-
tersection point (AVt/tan8, (1 — A)Vt). In order to
express the second-order problem, a change of vari-
able is performed. This allows the singularity to be
locate at the point of coordinate (1,0). The new
variables are thus given by:

ztanf
AVt

. ytan@ . ¢
, = %—— —tan
Y=

=

0(1_'/1():

d;_¢tan0 ‘_ntane_
EvE 1T

1
tand (1 — —
anf (1 /\),

and t = t/T, where T is the timescale. The potential
¢ must satisfy Laplace equation in the fluid domain
and the following boundary conditions:

e on the free surface (§ = §(£), £ > 1)

b+ idi— 2[5+ tand (1- 2] 4y

tan@ -~ - - gT .1, 1
+55 V¢-V¢+7t[n+tan0(l—x)] =0
A |
i+ i +tanb(l - +) - 27 (1)
tan8 , - -

e on the wedge (y =tanf(z —-1),0< £ < 1)
b tan — J)g =1
¢ and on the axis of symmetry (£ = 0,9 < tan¥)
¢: =0

When ¢gT/V is much smaller than 1, gravity can be
neglected. One can look for a solution independant
of t. This is just the self-similar solution.

3.2 First order outer solution
The following asymptotic expansions are assumed:

‘730 + 0(1)1
Ao +o(1)

6 =
A=

7 = tan#7; + o(tan§),

At first order, the harmonic potential d;o must satisfy
the following boundary conditions:

4309 = -1, 7=0, 0<z<1
<£0 :0a !): ) £>1
b0z =0, £=0, §<0

This is a classical problem, corresponding to the flow
without free surface around a flat plate of unit width.
The complex potential corresponding to this flow is
given by:

do +ito = iV 22 — 1 + iz,

where z = & + i1y. The free surface elevation is
obtained by integrating the free surface kinematic
boundary condition- (1) that can be written at first
order for y =0 and £ > 1:

d N —~Mey 1 oy
3}(—:5—) (%),

‘where Moo = —(1—1/Ag). Since (M ;17100) vanishes

at infini, this leads to:

M= Moo = 1( l+:&arcsin1)
m nloo—/\0 z



In order to determine the value of the parameter Ay,
it is necessary to use the volume conservation. Even-
thong volume conservation is automatically satisfied
since Laplace equation is solved, the self-similar na-
ture of the flow does not allow initial conditions, and
in particular initial volume, to be remenbered. At
first order, only the outer solution has to be taken
into account and volume conservation leads to:

(Vt)? . (Vt)? >
2tand = (/\_ 1) 2(t;ar)16 +/M'¢ n(:c,t)dx,

tan o

This can also be written using non-dimensionnal
variables:

1

(o - 1)2+~2/1 (A1 — Ayec) di

Solving this equation leads to Ag = #/2. This indeed
corresponds to the classical first order solution
([14], [1] and [7]). The free surface and the wedge
intersects in & = Ag. The solution is however singu-
lar at this point because the fluid velocity and the
slope of the free surface are unbounded in its vicinity.

3.3 Second order outer solution
The following asymptotic expansions are assumed:

é = ¢o+tanfé, + o(tan§),
7 = tanff + tan®8 7. + o(tan?4),
A = Ap+tan@A; +o(tanb)

The linearized second order problem is obtained
through a Taylor expansion of the potential and the
free surface elevation (these functions being assumed
regular enough in the vicinity of the wedge and the
free surface). The harmonic potential ¢; has to sa-
tisfy the following boundary conditions:

¢ on the free surface (§ =0, 2 > 1):

d 1
E(?) (2)
1, .- 1 -, A—1-
= —ﬁ(thdmy moog + T%g)
d 72—
ag(Tx) (3)

1.1 - . - Ar 5
—ﬁ[)‘—o(%g + Mmdozy) — A_§¢°9]’

it

e on the wedge (=0, 0<z<1):

ley‘ = doz — (& — 1)§0y‘g,

e and on the axis of symmetry (y=0, Z > 1):

where 7200 = —A1/A3.
As for Ag, the value of the parameter A; is obtained
by writting volume conservation for the composite
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solution. At second order, the jet volume has to be
taken into account:

(Vi)? e (V)2
2tand (A=1) 2tanéd
0o 2
+/ ~ n(z,t) d:c-i-ez\ﬂ
v 2

where ¢ = 7/8)A¢ is the jet thickness in the spray
root [14]. Solving this equation for A leads to:

The problem for é1 and 2 1s solved numerically.
The free surface dynamic boundary condition (2) is
integrated, starting from “infinity”. The asymptotic
behaviour of the solution is used to set the initial
value of the potential. The integration is then
performed using a classical 4** order Runge-Kutta
algorithm. Once the boundary conditions for the
potential and its normal derivatives are known,
Laplace equation is solved numerically using a
classical boundary integral method (see §4, eq. (7)).
The free surface elevation 72 is then obtained by
integrating the free surface kinematic boundary

~ condition (3) starting from “infinity” and using the

asymptotic behaviour of (2 — fjaso ). This is however
only possible if the value of A; is known. Equations
(3) and (4) are thus solved iteratively until the con-
vergence of the solution procedure is reached. The
convergence of the resolution procedure has been
checked by comparing numerical and theoretical
results obtained at first order.

Asymptotics solutions at first order and second
order for a deadrise angle § = 7/20 are schown in
figure 9. The free surface elevation at second order
in the outer domain is slightly smaller than that
at first order. This stems from the fact that by
hypothesis, the volume between the two curves is
just equal to the volume of the jet. The second order
correction is small, but significant in the vicinity of
the wedge. The numerical value obtained for A, is
very small (A\;/Ag >~ 10~2) so that there is almost no
second order correction to the wetted width. These
two asymptotic solutions can be compared to the
second order approximation presented by Fraenkel
& McLeod [6]. If all solutions have a similar
behaviour, a precise comparison is made difficult by
the fact that the solution [6] satisfies the boundary
conditions on an approximate geometry (at second
order) while the exact geometry (but approximated
equations) are taken into account for the asymptotic
solutions. A more precise comparison could be
obtained on the pressure and the second order
impact force, but this would necessitate to perform
matching between the outer and inner solution at
second order. This work is currently under progress.
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Figure 9: Comparison of the different asymptotic solutions for § = 7 /20.

4. TIME DOMAIN SIMULATION

4.1 Description of the MEL method

The direct time domain simulation of the flow is
performed using the Mixed Eulerian-Lagrangian
method. Markers are located on the free surface and
followed in their motion. This lagrangian approach
allows the free surface boundary conditions to
be easily taken into account. The velocity field
is computed efficiently using a boundary integral
approach (eulerian description of the flow).

The lagrangian formulation of the free surface
conditions leads to:

D¢ 1[0\, (94)°

o =~ 3 |(%) *(%)} @
DX ¢ . 04 .

Dt ?9%“_5%"’ (5)

where X = (z,y) € T4(t) is the position of a marker
on the free surface and ¢ is the associated potential.
D/ Dt is used for the material derivative and §and 7
are unit vectors tangent and normal to the free sur-
face.

Boundary conditions on the body and on the axis of
symmetry leads to Neurmann boundary condition for
the potential on these borders (T').

Far away from the body, the first order outer asymp-
totic solution enables to conclude that the potential
behaves like those generated by a two dimensional
vertical dipole placed at origin:

b= Al (6)

In order to take into account properly the behaviour

at infinity of the solution (see Fontaine, [4]), the fluid

domain is bounded by a circular control surface T,

on which a Fourier boundary condition is imposed:
9¢

¢+T8—n=0

where r = \/z? + y°.

As the potential has to satisfy Laplace equa-
tion A¢ = 0 together with the boundary conditions
on I',, and T',, the problem can be reguced to a set
of evolution equations (4)-(5) for (¢, X). This stems
from the fact that if at a given instant ¢ and 0¢/0n
are known along 'y and Ty, respectively, .the right
hand sides of equations (4)-(5) can be calculated.
For that purpose, the following boundary integral
equation is used:

9(M) (M)

oG -
L¢(P)%(M,P)d3p (4)
9¢

g anp(P) G(M,P)dsp

where M is a point on the border X =T, +T'q+T;,
G = In||MP||, is the Green function for a simple
source, (M) is the angle between the two tangents
to the boundary at M (8(M) = = if the boundary
is regular) and s is a curvilinear abscissa along X.
Equation (7) is discretised using a standart colloca-
tion method. The boundary of the domain is ap-
proximed by straight lines elements along which ¢
and 9¢/0n are assumed to vary linearly. This al-
lows the Green function, its normal derivative G,
and their products by the curvilinear abscissa to be



integrated analytically. Computations are therefore
simple, accurate, and can easily be vectorised on a
paralell computer. Using the previous hypothesis,
the discretised form of equation (7) is:

[Ai;]{8:} = [Bij){on;} (8)

where the influence coefficients 4;; and B;; are only
dependent of the geometry of the problem and are
given by the classical expressions:

Aij = Avij+ A2ij —0i 65
1 8; Sioq 3;
Arijj= ———— [ sGnds— —2L=—— | G,ds
$j = 8j-1Jsj Si T 8i-1Js;0
. $i+1 341
Sit1 i+ 1 J
Azij = I Gnds — sGnds
Sj+1 — 8] Js; Sj+1 = 5 Js;
and
Bij =  Biij + Baij
1 55 851 s
Bii; = sGds - =371 [ Gds
S5 = 8j-1Js;, $j = 8j-1Js;,
. Si+1 Si+1
Sis1 i+ 1 3
Bg.‘j= L— Gds - —m— sGds
Si+1 =81 Js; Si+1 =85 Js;

Equations (8) can be rearranged so that the un-
knowns (potential on T, and I;. and its normal
derivative on I'y) are put in left hand side { X} while
known quantities are moved to right hand side {bb}.
The linear matricial system that results from collo-
cation has the form:

[44){x} = {bb) ©)
and is solved by the GMRes iterative scheme (see
{11]), using the solution at the preceding time-step
as initial guess. A finite centered difference scheme
is used to evaluate the tangential derivative of
the potential d4/ds along the boundary and the
evolution equations (4)-(5) are integrated numeri-
cally using the 4‘% order Adams-Bashforth-Moulton
method.

The MEL method has been tested and thor-
oughfully validated for numerous applications
related to wave generation and seakeeping (e.g.
Cointe [2]). Its application to water entry problem
is still delicate, however, because of the strongly
non-linear character of this problem. The flow is
almost undisturbed, except in the close vicinity
of the body where the jet is created. Difficulties
to correctly model the flow are related to the
numerical treatment of the flow in the vicinity of
the intersection point. This is, actually, the difficult
point in most numerical resolution of free surface
potential flows. When a jet is present, difficulties
are made worse because of the strong nonlinearities
that exist close to this intersection.
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4.2 Special treatment for the jet flow

The asymptotic analysis described above suggest
that the jet flow is described by shallow water equa-
tions without gravity. For a straight body bound-
ary, the fluid contained in the jet has a solid body
motion. This asymptotic solution has been used in
order to develop a local model allowing the influence
of the jet on the remaining part of the flow to be
accounted for. The jet is truncated normally to the

Figure 10: local flow within the jet.

body boundary as soon as its thichness becomes of
the order of magnitude of a segment of the grid (fig.
10). A new segment is then introduced to bound the
fluid domain. Along this segment, the normal deriva-
tive of the potential is imposed constant, equal to
the tangential velocity on the body boundary. The
fluid tangential velocity across the jet is therefore
constant, equal to its value on the body boundary.
The tangential derivative of the potential along the
segment cutting the jet is also assumed to be con-
stant, but not necessarilly equal to its value on the
body boundary. This leaves an extra degree of free-
dom to the solution. This approximations are used
in the calculation of the influence coefficients. This
leads to (see Fontaine, [4]):

Aigor = =00 + Arix + Asi
Bix-1 = Bajr-1
. 1 3k
Aix = =00k + A1k +Azip — — | Gds
Sk41 — Sk Jsp_,
Bix = Biix
Sk
Aigsr = -0+ A+ A+ —— [ Gds
Sk+1 = Sk Jspo
Biks1 = Biigxst+ Bairsr

During the simulation, a new segment cutting the jet
is introduced as soon as the jet thickness becomes to
small (as compared to the length of a grid segment).
This algorithm revealed robust (fig. 11). It led
to a good agreement with the solution computed
by Zhao & Faltinsen [15] using Dobrovol’skaya’s
method [3]. It can also be notice on figure 12
that the first order outer expansion of the free
surface elevation is in good agreement with the non-
linear solution, even the value of 4 is relatively large.
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0.5

Figure 11: Temporal evolution of the free surface in the
vicinity of the wedge (8 = w/4). '

05 -
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0.5 -

——
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Figure 12: Comparison between the numerical self-similar
solution and the first order outer expansion of the free surface

6 = n/4).

5. CONCLUSIONS

Practical ways to compute impact loads using
asymptotic theories are discussed. The numerical
integration of the first order composite solution for
the pressure distribution presented by Cointe [1]
revealed to be an easy, robust and accurate method.
Results were also obtained that show that water
entry can be simulated using the Mixte Eulerian
Lagrangian method and a local model describing
the influence of the jet on the remaining part of the
flow. This local model is the result of an asymptotic
analysis of the problem. At first order, the jet flow
is described by shallow water equations without
gravity. The hyperbolic nature of these equations
allows the influence of the jet to be accounted for
without having to actually compute the flow in the
jet. The analysis that was described in the case of
a wedge can be extended to arbitrary geometries as
long as the angle between the tangent to the body
and to the free surface remains small ([1], [7]). Work
i1s underway to extend these numerical results to
water entry for a body of arbitrary shape.

One of the authors (E. Fontaine) wishes to express
his gratitude to the French Departement of Defense,
DRET, for supporting this study. By the way, a
partial french traduction of this paper is given in

ref. [5].
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STABILITY OF SUPERCAVITATING SLENDER BODY
DURING WATER ENTRY AND UNDERWATER MOTION

S.L.Putilin
National Academy of Sciences — Institute of Hydromechanics
.8/4 Zhelyabov str., Kiev, 252057
Ukraine

1. SUMMARY

This paper describes main results of experimental
and theoretical investigations of slender body mo-
tion stability when it enters water and moves un-
derwater in supercavitation conditions, being made
in Institute of Hydromechanics. Experimental in-
vestigations allowed to study flows, occurred in the
situation considered and get data for developing
mathematical models of flows. Previously known
theoretical relations for forces, acting the body are
defined more exactly and new ones are derived.
Mathematical model of body motion in supercavi-
tating regime is delivered.

2. INTRODUCTION

There was a grate interest to problems of a slender
body motion when it enters water at high speed or
moves underwater at supercavitating regime from
60 — s till to beginning of 90 — s years. Results
of these investigations were published in works of
Logvinovich G.V., Parishev E.V. [8,9], Juravlev
Yu.F. [3,4], Guzevsky L.G.[2], Moran J.P. [20],
Kazite Tikao [21], A.May [24] and others.

A complex of theoretical and experimental works
concerning stability of slender body motion under
situation considered were conducted at the Insti-
tute of Hydromechanics then.

Experimental investigations included experiments
with freely moving models, being launched by de-
vice, that was put above water surface, and exper-
iments with models, installed in a water flow at
water tunnel.

The main aim of the first kind experiments was
investigation of processes, that went when a body
entered the water, and influence of different body
features on these processes. Experiments at water
tunnel enabled to study flow near body and some
its elements in details and to obtain data necessary
to develop mathematical models of motion.

The main aim of theoretical investigations, con-
ducted at the Institute of hydrodynamics, was to

take into account some new factors, that had not
been considered previously. Influence of elements,
intersecting a cavity surface, interaction of two
bodies, that moved one behind another, effect of
side forces, appearing at body head on the motion
stability was investigated. Influence of inner cavity
medium was studied also. Some theoretical solu-
tions that relate hydrodynamic and aerodynamic
forces to cinematic parameters of motion.

Mathematical models of body motion, based on re-
sults of the said theoretical and experimental re-
sults were constructed and programs to calculate
body trajectory were elaborated.

3. EXPERIMENTS WITH FREELY
MOVING MODELS

Special aims of experiments with freely moving
models were:

- to investigate conditions of stable water entrance;
- to investigate process that take place when body
divides into parts in water;

- to investigate conditions of rapid speed brake and
transition to smooth flow;

- to investigate process of air transport at under-
water trajectory after water entrance.

3.1. Equipment

Equipment, used for experiments, was created dur-
ing work.

Pneumatic launching device (catapult) was created
to launch models. It was installed above hydraulic
water tunnel with glass side walls. It was possible
to change inclination of its barrel and an angle be-
tween the barrel axes and the model axes. So it was
possible to change an angle between the model ve-
locity and horizon and between the model velocity
and the model axis and to investigate the model
motion under different trajectory inclination and
different model incidence.

A special installation was created later. It con-
sisted of cylindrical tank, that could be installed
under different angles to horizon ( Fig. 1). There
was a catapult, windows and device to capture
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models on the tank. It was thought, that there

would be a system of pressure control and a sys-
tem of underwater launch on the installation.

Some difficulties appeared when models tested at
very low inclinations of trajectory. Essence of these
difficulties arose from very low position of catapult,
otherwise a model path in an air was too long. As
a result an entrance points of models with little
difference in parameters ( say, the same model with
ring nozzle 2 and 4 mm wide) were significantly
different. Two ways were proposed to overcome
the difficulty: to use water tunnel and to use high
speed towing tank (hydrostand).

We refused from first way as the water surface at
the pipe was too bad.

The second way consisted of model being hanged
under the towing tank carriage and, after the car-
riage had reached full velocity, being dropped at
desired path point. Camera shot down the follow-
ing model motion.

Maximum velocity of the carriage is over 20 m/s.
This velocity i1s comparable to model velocity,
achieved at most of installations of conventional
type.

There are some advantages of the method. It makes
it possible to use grate models, to shoot by camera,
that moves with a model velocity, to investigate
a model entrance through a wavy surface. Very
small drop height corresponding to low trajectory
inclination angle is the main disadvantage.

3.2. Water entry

After model touch a water surface its motion can
change itself significantly. Some typical forms of
motion are distinguished [3,9,13,16,21,23]. The
main features of them are:

- the model motion changes little after water entry;v

- the model reflects from water surface and moves
in nearly previous position in air;

- the model touches water surface and begin to
rotate about transverse horizontal axis;

- the model enters water but changes its motion
significantly ( it deflects toward water surface and
leaves water; moves in previous directton under wa-
ter surface; rotates bow down and begin to move
down or in direction, opposite to initial).

Real model motion can consist in consequence of
said forms. For instance, a model can reach water
surface at low angle, reflect from it, reach it for
the second time at greater angle and enter water
or begin to rotate about transversal axis.

Specific motion form depend on body itself and on
its motion before it reaches water.

It is known that good body motion when it enters

water is achieved at bodies with flat or concave for
surface. Motion of pointed bodies can be enhanced
by different types of ring nozzles [21]. Models with
such nozzles were tested in this work, dimensions
and position of nozzles being varied.

Motion of some models is showed at Figs. 2 - 4.

At Fig. 2 model does not enter water. It touches
water surface, makes long enough hollow, turns
over and moves father, the stern end being in front.
It is seen, that overturn does not take place in the
plane of initial motion.

Two shoots at Fig. 3 correspond to the same
model, the same nozzle being put at different dis-
tance from model head. So clearances between the
head and the nozzle are different, and this influ-
enced cavity dimensions.

Fig. 4 shows waves on the cavity surface.

3.3 Some features of body immersion
Special models consisting of two parts — fore and
stern — were constructed to investigate underwa-
ter division of a body into two parts. Aft part of
the model contain a spring device that ensures di-
vision of the model parts some time after model
leaves carriage of the catapult. Velocity of for part
increases during division, velocity of stern part -
decreases.

Aft part of a model usually was in a cavity after
division and its resistance was little. Resistance
of for part was great and its velocity diminished
quickly. If incidence was small, it overtook for part
quickly. If incidence was not small, stern part de-
flected from the cavity axis and reached its bound-
ary. Resistance of stern part became great and this
prevented model parts from collision.

Investigation of model brake was similar to said
investigation but trajectory inclination range and
constructions of devises used were another. Small
diameter cavitators put before model and towing
disks were tested. Devices of the first kind created
small cavity. It collapsed at the model body. This
ensures rapid transition to nonseparating flow with
great resistance.

Braking disk was towed at some distance behind
the model body. It interacted with cavity bound-
aries, created additional resistance and divided in-
ner cavity part from atmosphere. The latter pro-
moted cavity to collapse quickly.

Investigation of cavity gas transport was conducted
at new closed test stand. There are some niches at
the stands tank upper side. Air from the collapsed
cavity came to these niches, and its amount was
measured.



Models with great and small cavitators and mod-
els with cavitators of complex forms were tested.
Air amount at cavities created by disc cavitators
proved to be nearly proportional to the third de-
gree of the cavitator diameter. Towed brake can
influence the air amount in the cavity significantly.
This influence is different for cavitators of different

types.

4. EXPERIMENTS AT WATER TUNNEL

Experiments at water tunnel permits to investigate

structure of flow, and to get data to calculate a.

body free motion trajectory.

Experiments at water tunnel of IHM can be divided
into three types:

— experiments with a full model;

— experiments with a fore part of a model;

— experiments with a stern part of a model.

Experiments of the first two kinds were conducted
with conventional stern struts, experiments of the
third kind were condacted with bow struts (Fig.
5). »

Note experiments with complex cavitators and ex-
periments with some types of stern parts.

Special device was constracted to test cavitators.
It gave opportunity to rotate cavitator about two
axis: longitudinal and transverse. The device was
connected to dynamometer, mounted at strut. Dy-
namometer could measure three components of hy-
drodynamic force: R;, R, and R,.

Plane and conical cavitators with appendages that
permitted to influence cavitator lift, round cavita-
tors with spherical and cylindrical for surface were
tested.

Fig. 6 shows cavity formed by star - formed cav-

itator. Complex form of fore cavity part is seen.

Stern parts of models were tested with fore struts.
Theory of cavitator, being put at such strut, was

derived in [14]. Construction of the device gave

an opportunity to change model incidence in wide
limits and to move the model relative the cavitator
in longitudinal and transverse direction.

Conical and fan - shaped, i.e. sectioned, body stern
parts were tested among others.

5. THEORETICAL INVESTIGSTIONS
5.1 Principal relations

Theoretical investigation of a body motion was con-
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ducted by numerical solution of Cauchy problem
for simultaneous equations of the motion.

The equations include three equations for centre of
inertia velocity components and for angular veloc-
ity (Fig. 7). They are filled up by relations that
connect force and moment coeflicients to kinemati-
cal parameters of motion and by relations that con-
nect cavity dimension and form to said cinematical
parameters of motion.

Equation for transverse velocity component is re-
duced to equation for incidence angle [7, 10, 11].
So non dimensional equations are:

dv, . pSoLo & J—
E = —W [cxpsp + ¢z + pacza] (1)

do gLlo  pSoLo[ = —
Y= G oS evs +Pae) ()
do  pSoL3 —3/2 _
T = G e e+ hema] (0

where

S - nondimensional body path;

v, vz, vy — body velocity and its components;
« — incidence at the centre of inertia;

w - nondimensional angular velocity;

-p — fluid density;

pa — density of inner media of the cavity;

Ly - reference length;

So — reference area;

Vo — reference velocity;

m - body mass;

S, - nondimensional cavitator area;

R; — body radius of inertia;

Cz,Cy,m; — coefficients of force components and
moment; '
indexes p,G u a note force and moment compo-
nents due to cavitator, side body surface — cavity
boundary interaction and side body surface — inner
cavity media interaction.

It is convenient to use body length, body stern part
section area and initial body velocity as reference
values.

Equations (1 - 3) include nondimensional parame-
ters:

_ pSoLo
k=
_sko
6=
_ mR? o2
_PSoLg_#'

4 may be treated as a relation of the fluid density
to the body density;
G, may be treated as Froud number;
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i — is the body nondimensional moment of inertia.

Force and moment, coefficients in right — hand part
of equations depend on nondimensional motion pa-
rameters, — incidence and angular velocity, - and
on body and cavity mutual position.

The latter causes some features of calculations.
The body position is determined by body motion
equations, the cavity position — by its deformation
laws. At one body motion calculating cavity po-
sition depends on the same body motion after all.
At two bodies motion calculating, one being behind
another, mutual position of the back body and the
cavity depends on motion of both bodies.

5.2 Influence of side forces, appearing at cav-
itator, on body motion

There will be considered side forces acting on cav-
itator, and their influence on a body motion.

Constant body velocity will be considered, so equa-
tions (2) and (3) describe the motion.

Acting on cavitator force components and moment
depend on the angle between the cavitator axis and
oncoming the cavitatir flow velocity a,. The latter
is connected to incidence at the center of inertia of
the body ¢ and its angular velocity by

ap=a-—-wh. (4)

If ap is small, linear relation of side force coefficient
¢py and moment coefficient m,p, on a, may be used:
— %

Cpy = Cp Op)

P zp

A motion period when body do not interacts with
cavity boundary is considered.

If we use relation, similar to (5) for ¢, and m,, and

designate
(s

mg = ﬁamgu + (cglp + mzp)SP
(6)
¢, = PaCys — CplpSp

W= W Q (]2 a
M, = PaMza — Sp(cp lp - mzplp)

then equations (1 ~ 3) became similar to equations
of leteral motion of an airplane. Their characteris-
tic equation is

A24+2PX4+Q =0, (7)

Map = Mgp0p: (5)

where 1 !
1 1 -
Q= ppplgmt —mes) (9
1
Ty =cy —2u

If (6) are inserted into (8) and aerodynamic terms
are omitted, then

1 3/2
Q=  2ur? (cgp +my S/

1 12 o { 3/2
P=u [c;;s,, (1 + r%) + mzpr%s,,/

Roots of characteristic equation (7) are

Ma=-P+PT=Q (9)

Then for positive values of ¢y, and mg, roots are
real, one being positive, hence initial perturbation
rise by exponential law. This is a result of the body
static instability.

For negative values of c;, and my, roots are either
real, one being positive, either complex, but both
have positive real parts. Hence motion is unstable
due to luck of demping.

Calculations by full motion equations show, that
there is some difference in motion of a body with
positive and negative cg, (Figs. 8,9). Fig. 8 shows
examples of trajectories, Fig. 9 ~ inclination angle
versus path for bodies with different cp, .
At Fig. 8 motion of the body with positive cp, is
unstable, motion of bodies with zero and negative

o :
Cpy 18 stable.

At fig. 9 body having positive cp, reached nonoscil-
lating regime of motion, the pitch angle ¥ and ver-
tical component of velocity vy, rising slowly. If
cpy Were less, body would oscillate, the oscillation
frequency being less, then oscillation frequency of
the body with neutral cavitator. The body with
negative cg, also reached oscillation regime, but its
frequency is greater, than oscillation frequensy of
the body with neutral cavitator.

5.3. Models of inner medium

Interaction of a body and inner cavity medium can
influence the body motion stability.

Inner cavity medium consists of water vapour, gas,
water drops and sprays. Mathematical description
of such medium is a complex problem, so it is nec-
essary to employ some simplified schemes. Some
possible models are:

1. A model of rare gas.




2. A model of continuous media (gas).
3. A model of multilayer fluid.

4. A model of multicomponent fluid.
The first three will be considered.

1. Model of rare gas permits to estimate influence
of water drops and sprays. It is thought, that drops
and sprays moves at the velocity of outer flow and
do not interact each other. When they reach the
body surface, they transfer to the latter part of
their momentum. The normal component is trans-
ferred completely, tangential — partly.

If transferred to body part of tangential momentum
component is small, a theory of rare gas [6] may be
used. This theory gives simple enough relations for
calculating of forces, acting at the body.

2. Hf inner cavity medium is treated as homoge-
neous continuous medium, the problem is reduced
to the problem of a body in a gas flow, but the
gas density must be defined in so way, that affect
of drops and sprays be accounted for. Then usual
aerodynamic methods may be used.

Note, that hydrodynamic coefficients depend on
cavity radius and body position about cavity, be-
cause a space between the cavity and the body is
restricted. Date, necessary for calculating are pub-
lished in [5] and other works. Methods used to
correct results of experiments at aerodynamic tun-
nels should be employed with care, because they
may be valid for small body in grate channel only.

3. Sprays and drops are distributed nonuniformly
through the cavity section. Their concentration is
the greatest near the cavity boundary and dimin-
ishes toward its axis. In addition the cavity bound-

ary is not a smooth surface: it is a consequence of
hollows and hills.

This conception of cavity inner medium makes it
possible to use multilayer scheme: inner cavity
space is divided into some layers, each having con-
stant density, varying from one layer to another.

Figs. 10.and 11 show influence of medium density
on a body motion.

6. CONCLUSION

Experimental investigations of flows occurred when
models with additional devises and compound
models enter water were conducted. Previously
known theoretical solutions concerning interaction
of slender body and cavity boundary are specified
and some new ones are obtained.

Mathematical models of body motion in super-
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cavitating conditions accounting for effect of ap-
pendages and inner cavity medium are elaborated.
Mathematical model of motion of compound body
separated part is constructed also. Programs for
calculating body motion accounting for said factors
were created.
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Fig. 1. Stand with varying tank inclination.
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Fig. 3. Influence of a body — nozzle gap:
left — small gap; right — great gap.
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Fig. 4. Wave shaped cavity deformation.
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Fig. 6. Cavity behind star - shaped cavitator.
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Fig. 7. Supercavitating body
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EMERGENCE OF CAVITATING PROFILE

M. ARNAUD, L. DIEVAL

Centre Technigue des Systémes Navals
B.P. 28, 83800 Toulon Naval, France.

Abstract

The paper presents a numerical method for unsteady cavitation
simulation around engines moving with large vertical velocity.
The numerical modelling of the creation and the development of
the cavitating flow zones attached to the profile, as well as the
free surface deformation, is done using an interface tracking
method of « Volume of Fluid » type, inserted into a Navier-Stokes
code.

Results show that the model is well adapted to simulate this
complex physical phenomena.

LIST OF SYMBOLS

the Cartesian velocity components.

—_—
F
<

=

=t
=1
—

the contravariant velocity components.

the Cartesian co-ordinates.

=

=l
-

the curvilinear co-ordinates.
the components of the normal vector.

the components of the unit vector.

=
[l
~
—

nabla vector.
the constant density of the liquid.
the fictitious density.

oo < e T =
=
<
—

Pref the density of reference.

T the stress viscid tensor.

p the pressure.

Pref the pressure of reference.

(o] the surface tension coefficient.

Oj the cavitation number.

r the free surface curvature or the position of the particle.
in the tluid.

R the position of the interface.

Ry the position initial of the bubble.

g the gravity acceleration.

o the jacobien of the coordinates transformation.

u the molecular viscosity coefficient.

Ug the constant.

U, the constant.

o the constant.

W the fictitious vector.

L the length of the profile

Luax  the maximal length of the cavity non dimensional

1 the width of the profile

e the maximal thickness of the cavity non dimensional

1. INTRODUCTION

The problem is the emergence of an engine from the water with a
high vertical velocity. When approaching the free surface, the
surrounding pressure decrease, cavitation regions appears on the
fore of the profile and the crossing of free surface could be
affected by the presence of gas regions close to the body surface.
We are interested here in the modelling of cavitation bubbles
evolution on the profile, as well as in the free surface deformation.

The study of unsteady cavitation bubble may be done using
different types of methods :

s  The potential method e.g. Molin', De Lange”.

e The two phase method e.g. A. Kubota®, Y. Ventikos®,
and Y. Delannoy”.

s  The interface tracking method e.g. L. Diéval®,

The aim of this study is to demonstrate the capacity of the VOF
method to simulate the unsteady cavitation phenomena, especially
the creation processes, re-generation, tracking and bubble
cracking . This method consists in defining, in a fixed mesh, the
interface from the volume fraction of two phases (liquid and gas)
e.g. Hirt”. Its advantage over purely two phase method is a true
tracking interface method without numerical diffusion and it has
not the mathematics stiffness of compressible flow treatment when
the sound velocity is very high compared to the flow velocity .

The liquid flow equations are computed by a finite volume
method on curvilinear grids, with solve the Navier-Stoke
equations. The evolution of liquid-gas interface of bubble is
calculated by VOF method, linked to the flow equation solver by
an explicit algorithm, described in subsequent paragraphs.

2. NUMERICAL MODEL

21 Equations
The unsteady Navier-Stokes equations for incompressible

bidimensional flows are written in the following semi-
conservative form, in curvilinear co-ordinates (,7) :

LW G oH _1

LoW B e ReT (1)
Ja & dn J’( )
with
0 0 7 a
W=|pul, R=|0 p = Enx
=
pv |— P8 o
—n,
s

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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2.2 Pseudo-compressibility method

Time discretization is ensured using a fully implicit second order
scheme. The solution of the non-linear system for the unknown
values of the time step n+/ is based on the pseudo-compressibility
technique, e.g. De Jouette®. We will simply remind the reader of
the principle of this approach, referring to the above reference for
a detailed presentation and the justification of the pseudo-
unsteady formulation selected.

Considering the semi-discretized equations at the time level n+1
and introducing a time-like variable 7, called pseudo-time, one
adds pseudo-unsteady terms which are derivatives of the
unknowns at time level n+/ with respect to ©

1w 3w 4w 4w (aGJ"” (EHJ"H
+ + + ==

J ot 201 9E on @

The pseudo-unsteady terms involve a new unknown variable

P called pseudo-density and subject to remain positive. The

pressure is calculated as a function of §  through an additional

equation which is identified with a pseudo-law of state. This
numerical relation can be selected in different ways, as discussed
in De Jouette®. The choice retained is the following:

p= p(U§ + XUE) In +P, 3)

ref

where U,,U,, P, et p,,; are constants.

The system (2,3) is integrated step-by-step in pseudo-time until
convergence towards a solution independent of T which is then the

. . . n+1/
numerical solution of the instant ¢

The system is hyperbolic with respect to 7 and - this is one of the
reasons that has led to the choice of this system - it is formally
very close to Navier-Stokes equations in compressible flow
(without the equation of energy), due to the presence of the same
p factor in the terms of derivatives in 7. This property makes it

possible to directly apply existing and efficient aigorithms, have
been developed for compressible flows, to the solution of this
system. Which we have used an adaptation of the finite volume

method with artificial viscosity, originally developed by Jameson®
for compressible flows.

Discretization in space is of the centred type. The
variables p, , v, p being defined at the centres of the cells, the

fluxes at an interface are obtained from the averages of values at
the centres of the two adjacent cells. Artificial viscosity, which is
necessary in the case of a centred scheme to ensure stability and
convergence and prevent the uncoupling of the even/odd nodes,
includes second order derivatives and fourth order derivatives and
is adjustable using coefficients.

The scheme used in pseudo-time is the explicit 5 step Runge-
Kutta scheme, associated with an implicit residual smoothing
technique Jameson’. The basic Runge-Kutta scheme is explicit,
but one introduces an implicit treatment of the unsteady source
term J W/dt, which reinforces stability while leaving the

calculation effectively explicit. The maximum value of the
pseudo-time step AT is fixed by the local Courant-Friedrichs-Lewy
stability criterion. For each cell, one uses the maximum local
value (local time step technique). The method is unconditionally
stable with respect to the physical time step.

2.3 V.O.F method

Water-air interfaces constitute moving discontinuity surfaces the
positions of which, at time level n+1, are part of the unknowns of
the problem.

In the VOF method, the flow problem is discretized in a fixed grid
and the free surface is known only through a scalar variable F
defined in each cell as the fraction of the volume of the cell
occupied by the fluid. This variable F therefore has values
between 0 and /, limits included, and the free surface is located in
the cells where 0<F</. The evolution of the variable F in a given
curvilinear cell Q is ruled by the mass conservation equation
which can be written for this cell as:

dF 1 =_
VI+LQ?ﬂJ.ndS=O O]

where V is the volume of the cell, dQits boundary, U(i,7) the

velocity vector at the interface and where fis a function defined at
all points which can have only two values : / at a point occupied
by the fluid, and 0 otherwise; one notices that :

VF = J’n fav

The integration of (4) for the calculation of F from the time level n
to the time level n+/ raises difficulties in the case when the cell Q
is a partial cell, i.e. such that O<F</, since then the distribution
of fon dQ cannot be exactly recovered from the knowledge of F

in Q and in neighbouring cells. The originality and interest of the
VOF method is that it provides an approximate - but conservative
- evaluation of the mass flux through 2Q only from the

knowledge of F in €2 and in surrounding cells.

Consider two adjacent cells, which therefore have a common
interface. The normal velocity component at the interface makes it
possible to distinguish between the donor cell (upstream) and the
acceptor cell (downstream). The flux of mass through the
interface is then determined according to a complex algorithm
which distinguishes a certain number of possible situations
depending on the value of F and the orientation of the free surface
in the donor cell and in the acceptor cell, (Hirt").



The calculation algorithm for F is explicit in time ; the stability of
this algorithm limits the time step to a value which corresponds to
a displacement of the free surface of one cell at the most. In
practice, this means that a cell full of fluid cannot become empty
(or inversely) in a single time step.

2.4 Numerical treatment at the boundaries

Boundary conditions on the free surface concern partial cells i.e.
cells, for which O<F</. The pressure in a partial cell is taken
equal to the pressure imposed at the interface itself. At the free
surface of the tank, the pressure is the atmospheric pressure. The
pressure of the gas in the cavitation bubbles is the vapour
pressure. The velocity in a partial cell is determined by
extrapolation from neighbouring cells, and more precisely as the
weighted average of the velocities in the 8 neighbouring cells, the
weight of a cell being chosen equal to the fifth power of the value
of F in that cell.

2.5 Coupling of flow and free surface calculation
methods

The pseudo-compressibility method and the VOF method can be
coupled together by updating the position of the free surface at
each step in physical time even though the flow calculation is
operated at each Runge-Kutta step of pseudo-time iterations. The
general algorithm of the free model consists in the following main
sleps :

1 . Physical time iteration.
a. Pseudo-time iteration.

1. Sweep of Runge-Kutta steps.

s Calculation of fluxes and of residuals for the
liquid cells (VOF = 1).

s Smoothing of the residuals.
Up-dated values of velocity and pseudo-
density.

e Boundary conditions for the partial cells of
interfaces (0<VOF<1).

s Boundary conditions for outer boundaries.

11. End of Runge-Kutta steps.
b. End of pseudo-time iteration.

C. Updating of the VOF field.
2 . End of physical time iteration.

2.6 Cavitation criterion

When the profile approaches the free surface, the surrounding
pressure decreases. The passage of subcavitating flow to cavitating
flow is realised when the pressure around the profile reaches a
critic threshold corresponding to the vapour pressure. In these
conditions, the cavitation bubble is initialised the cells of the mesh
which verify the vaporising criterion with a VOF value equal to 0
and the vapour pressure.

The interface velocity is equal to the normal velocity of the liquid
phase with the velocity mass transfer between the phases added.
This velocity may generally be neglected and the evolution of the
interface is calculated by the VOF method which considers the
local velocity field. At each time step, a cavitation criterion
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permits to localise possible new liquid cells where the pressure is
lower than the vapour pressure, which are then imposed at VOF =
0 and at the limiting vapour pressure. This semi-empirical mass
transfer criterion between liquid and gas on the interface into
consideration which allows vapour creation dependant on the flow
dynamics conditions.

3. NUMERICAL APPLICATION
31 Implosion of Rayleigh bubble

311 Time and pressure

One points out only the equation of momentum which comes from
the equation established by Rayleigh-Plesset. For more details,
one can see for example Franc'®

R _,R _.,R* 1

R—+2R" —=2R"—/—=—— (5)
2 2 -5 por

with :
L : Particle position in the liquid flow

The integration of the equation (5) gives the time of implosion of
the Rayleigh bubble :

0
Ve T ®
Pu Pvn{,‘j(&) =
R

and the field of pressure in the liquid flow :

= O ORI

31.2 Calculation domain

The simulation of the implosion of the Rayleigh bubble is carried
out by the Euler equations coupled with method VOF developed
above. By taking into account all symmetries of the problem, the
field of calculation is reduced to a sector of circle. The field of
calculation is thus composed of 200 nodes with a minimum step
of 0.0001 meters. See figure 1.

The design criteria on the borders of the field are the following
ones :

On the right : Pressure = 10° Pascals and velocity = 0
On the bottom : Axisymmetric condition

On the top : Symmetric plane

On the left : free boundary

o @ ¢ @
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Figure 1 : Bubble mesh

313 Results

The method of pseudo-compressibility coupled with the method of
fluid fraction of volume (VOF) makes it possible to find the
distribution and the peaks of pressure in the liquid part of the fluid
(see figure 5) in the various positions of the interface. Compared
to the distribution of pressure in the liquid given by the equation
(7), until after the peak of pressure, one can observe a rather weak
fall of the pressure compared to (7). The field velocity in the
liquid part of the flow is correctly represented.

The error rate between the analytical results obtained by Rayleigh-
Plesset and this code computer is the following ones:

T—T
T“‘{x 100 = At = 2,89%
e Pressure : 6,0%

e Velocity : 5,03%

s Rayleigh time :

see figure 5 for the pressure and see figure 6.for the velocity

3.2 Emergence of cavitating profile

We consider a cavitating flow around a submerged engine of L m
height and | m width, and with various values of vertical velocity.
The profile is supposed to be fixed in the grid, only the free
surface goes down. The grid for the two profiles considered
(spherical head and conical head) is composed of 141x51 nodes
(See figures 2 and 3).

The velocity of the flow with respect to the engine velocity is
imposed to the bottom boundary on the domain (the computation
is done in the reference frame attached to the engine). On the free
surface, one imposes the atmospheric pressure and in the pocket of
cavitation the saturated vapour tension. Finally on the profile
considered, we impose the conditions of adherence. (The
equations of Naviers-Stokes are solved in streamline flow.). See
figure 7.

The cavity is created when the pressure in the liquid flow next to
the profile is lower than the vapour pressure. The cavity grows, a
retrant-jet establishes and it cuts the cavity. See figure 4. The

cavity grows again and so on... When the profile emerges, the
cavity implode in the liquid flow except for a velocity of 40 m/s.
This situation corresponds to the supercavitation. For the different
profiles, we can write the following data :

For a conical profile

Velocity m/s o Lnax lng 107
20 0,98 0.448 5,167
30 0,65 0,687 5,833
40 0,49 1,180 10,83
For a spherical profile
Velocity m/s o Lmas Lige 107
20 0,97 0,348 3,333
with :

_ lengh of the cavity

. Lmax L
width of the cavity
o L= -

Figure 2 : Mesh of the calculation domain associated a profile
having a spherical head




4.

A free surface tracking model of VOF type has been developed to
simulate emergence of cavitating profile. First results show the

a8

L

Figure 3 : Mesh of the calculation domain associated Grid of a
field for a profile having a conical head

Figure 4 : Retrant jet

CONCLUSIONS AND PERSPECTIVES
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high potential of the VOF method to treat these complex physical
phenomena.

The future extension of the method concerns the deveiopment of
the coupling between the gas flow in the cavitation bubble and the
liquid flow. The aim is to simulate particular physical mechanisms
of the cavitation such as mass transfer between liquid and gas on
the interfaces and re-compression zone of the gas in the wake of
the cavitation bubble.
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Figure 7 : Emergence of cavitating profile
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REDUCTION OF OVERLOAD ON A BODY ENTERING WATER AT HIGH

V.T. Savchenko
National Academy of Sciences-Institute of Mathematical Machines and
Systems Problems. Kyiv, Ukraine.

SUMMARY

An object on a high speed entering water
experiences significant overloads. caused by
sharp increase in density of the environment.
At present paper we are considering two
angles - the entrance angle 0 between a
trajectory of body gravity center and a free
surface; the attack angle o between body’s axis
and direction of a motion. So a whole
hydrodynamic force F can be presented as a
drag (axial) force X and a significant lift (lateral)
force Y. Surrounding an object by supercavity
allows us to solve the series of problems,
including the following:

reduce hydrodynamic drag;

reduce or eliminate destructive
lift({lateral) loads for the object's appendage
elements (ledges);

damp(restrain) impact loads
concentrated primarily on a cavitator.

Presented research offers based upon the

results of experiments technical design for the
new series of two-medium foils. Such foils
provide the protection of stabilizers and a
rudders of two-medium apparatuses from
destructive hydrodynamic forces.

LIST OF SYMBOLS

X drag(axial) force

Y lift(lateral) force

Cx drag force coefficient

Cy lift force coefficient

pw water density

pa air density

0 angle of body entrance in water
o attack angle

d diameter of disk (cavitator)
Vo entering speed of body

Vv speed of body motion

a sound speed in water

M Mach number

c cavitation number

h depth of foil immersing

bo profile cord

to profile thick

b foil sharpness

t size of cavitating element (leading edge
sharpness of foil).

1.INTRODUCTION.

The scientific problem: how objects under water
can reach the speed close to the sound
velocity, has been solved by creating the
supercavity flow [1]. This scientific achievement
laid basis for treating certain technical .
problems in the fields of marine, space, and
other investigations. High-speed processes
computer modelling allows us to predict various
effects in about- and supersonic regimes in the
water [2,3]. Space capsules' water-landing,
stabilizers' and rudders' protection, support for
two-medium devices {(machines, apparatuses)
and pump blades can serve as examples of
practical application for the discussed technical
approach. In all the cases we deal with an
object's high-speed entry into water connected

- with formation supercavity around it on its

underwater trajectory. Once an object gets in
contact with water it undergoes impact
hydrodynamic overloads caused by increase in

the environment's density pw/pa=800 .

This causes the attack angles o to create
destructive axial forces acting upon the ledges
of an object. Impact of these forces needs to be
reduced.

2.DISCRIPTION.OF PHYSICAL PROCESSES

Examples mentioned earlier use hydrodynamic
drag reduction effect. This effect can be
achieved by creating supercavity along the
object. Supercavity is filled by water vapour
(steam) the density of which ps is a hundred
times less than the air density pa [1]. The
required cavity's size is reached with the aid of
a cavitating element located on the object's

-frontal part. Aspect ratio for the object's body is

calculated so that object dimensions do not
step out beyond the cavity's size. Object's ( or
appendage elements') gliding on the cavity's

Paper presented at an AGARD FDP Workshop on “High Speéd Body Motion in Water”,
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surface and cavitator's asymmetry jointly
provide necessary curve for the underwater
trajectory. As marked before, an object
experiences impact hydrodynamic overioads
once it gets in contact with water. Maximum
longitudinal overloads occur in case of disk's
right-angle impact entry into the water (6=80°)
[4].

2
F = ﬂd—4p‘f—V0a(l +2M). (1)

Where M=Vo/a - Mach number, a~1440m/s-
sound speed in water. From (1) we obtain the
estimated value for the maximum drag
coefficient:

cmax - 8F 2 .4 (2

- pwVOZﬂ'dz - M

In reality the acting forces are always less than
in (2), even in case of the direct impact entry.
As a result of modeling experiments on high-
speed disk’s entry into the fluid-environment for
M<0,7 we obtained empirical dependence [5]:

cmax 1.87+%. (3)

In case of the incline disk's entry an object's
speed has horizontal as well as vertical
components(partials) and the acting forces are
significantly less. Works of O. Shorygin,

N. Shulman, V. Yerohin offer us semi-empirical
dependence for the maximum drag coefficient,
including adjustments for water compression
which occurs in case of the very high-speed

entry [6,7].
Sin@ } @

Ci* = 0.8Cosa{1 +
Cos(@—a-035M)

These results conform well with the

experimental data on the matter of angles

diapasons -30°<a<+30° and 60°<0<90°.

Experimental formulas (3) and (4) presently are

considered to be the most reliable calculations

for the direct and inclined high-speed object's

entry into water. They can be used for
estimating overloads an object, entering water
has to undergo.

Fig.1 shows experimental flat-sheared
cylinder's drag coefficient's dependence upon
sizeless time t=VoT/d for four values of entry
angles when the entry speed is about

100m/sec. When a cavitator penetrates into
water impact loads can exceed significantly the
cavity resistance force. However their action is
limited by the period of time during which an
object goes down 2-3 times cavitator's
diameter. First of all these forces act along the
object's rotation axis. An object possesses the
maximal firmness reserve in this direction, so
we can suppress(restrain) these loads by
elastic spacer for the cavitator.-

However if the attack angles of an object,
entering water, are significant, we have to solve
another challenging problem - how to protect
the ledges (appendage elements) from the
lateral loads.

As this problem's solution we offer the new
different foil's configuration. It is based upon
the process of advanced cavitation flow and is
capable to work for two mediums. Presented
foil is supplied with the cavitating element (nose
truncation with cavity creating).

Advanced cavity formation surrounding the rest
portion of an object creates fundamental
opportunity for protection the foil against
destructive hydrodynamic forces. Along with
this however it is necessary to solve the
problem, how to preserve controllability of the
foil, when the whole system works in a different
regime. This foil holds a patent [8].

3.TEST RESULTS .

While creating and investigating two-medium

supercavitating foils we conducted series of

tests using foils with the following parameters:

B 40x200mm plate; cord and thick at the
cross section bo=40mm and to=6mm
(Fig.2).

B the leading profiles parameter t (cavitating
element’s size) was been varied in the range
of 1/6<t/to<5/6;

B the body sharpness b was being changed
as b/bo=4/8;3/8;2/8.

The plate was being dipped into a water

stream, moving at 10m/sec speed. The plate

could turn around o=0° reaching +10°,-10°
with the step 2°.

The change of a depth of foil immersing h
permitted to change the cavitation number
within the range of 0.08 < ¢ < 0.02.

Two forces acting upon the foil were measured.

These were the forces in directions Y and X

corresponding to the lift (lateral) force and drag

(axial) force.

The main foil’s characteristic is a polar -

dependence between the lift force coefficient



Cy and the drag force coefficient Cx. Our task
is

to achieve such a range for the attack angles
which makes the value of Cy less.than the
value of Cy’, where Cy’ is according to
allowable loads on the foil.

Fig.3 illustrates the way to the offered profile of
two-medium foils: polares of a NACA profile, a
wedge profile and a two-medium profile.
Decrease in Cy value depends upon increase
in Cx value. However the drag force is not so
dangerous since it is directed towards the
maximum firmness of the foil. More than 1'000
tests were conducted on the discussed matter.
Their results are displayed on fig. 4-8.

Fig. 4 demonstrates the experimental
dependence of Cy value upon attack angles
and the leading edge sharpness t ,while
b/bo=const. The main outcome: the range of
attack angles, guaranteeing Cy=0, increases
with increase t. But when t/t0>0.5 such
increase is insignificant.

Experimental measurements of the drag
coefficient Cx as a function of attack angles o

~ and leading edge sharpness t are presented on
fig.5. The main outcome: when t/t0>0.5, we
have significant increase Cx and insignificant
expansion of the diapason for Cy=0.

Fig.6 and 7 show dependence of hydrodynamic
coefficients Cy, Cx as a function of attack
angles and a body sharpness b. Here we have
increase of the diapason for Cy=0 with increase
of the body sharpness.

The total conclusion: the optimum configuration
of foil we have, when tt0=0.5 and b/bo>0.5.
Fig.8 illustrates lift-drag characteristics as a
function of attack angles and the leading edge
sharpness. Final foil configuration choice
should be made according to the technical
requirements for two-medium foils and for

the attack angles diapason, where Cy=0 or

Cy<Cy".

Feasible attack angles range is determined by
cavity's shape and foil's configuration. It is
limited by two extreme foil's locations inside the
cavity, in which it touches upper or lower
cavity's edge.

Developing of underwater cavitating foils can
be conducted with the aid of a special computer
program. This program allows to calculate the
attack anglesxange for the given foil's shape
and the cavitation number. it also calculates
hydrodynamic forces coefficients for continuous
and supercavity flow regimes.

Fig. 9,10 demonstrate the typical-examples of
these calculations. Ailowing {~2°) for an error
we observe quite cornsistent-coriformity of
experimental data with the caiculations.
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The most important forces of two-medium foils
in water concentrate on the cavitator. Design of
a special cavitator shape (leading edge
sharpness) will permit to reserve the lift-control
function of two-medium foils in water.

4.CONCLUSION.

The supercavitation reduces destructive forces
significantly.

Design of the new type foil, which operates
effectively in two medium is possible. The initial
design complete-shape has been tested. The
results of experimental and calculation
researches and so optimization of such foils
are submitted.

Improved lift-control shapes proposed for future
testing.
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CAVITATION SCALE EFFECTS

A REPRESENTATION OF ITS VISUAL APPEARANCE AND EMPIRICALLY FOUND RELATIONS

Andreas P. Keller
Munich University of Technology
Germany

SUMMARY

Incipient cavitation was measured on four rotational
symmetric test body families and a NACA 16020
profile at four different angles of attack, varying the size
of the test bodies, the free stream velocity, the viscosity,
and the free stream turbulence level. By these
experiments, it was determined that all four parameters
have strong effect on the cavitation inception of
submerged bodies. The dependencies of the cavitation
number on these parameters are called scale effects.

As a prerequisite, the normally covering effect of the
water quality, concerning its cavitation susceptibility,
had to be got under control. This was achieved by
measuring the tensile strength of the test water by
means of vortex nozzle instrument.

The relations deduced from the experimental results
lead to empirical scaling relations of stunning
simplicity.

LIST OF SYMBOLS

C constant, defined in text

CPuin min. pressure coefficient

K characteristic cavitation index
free of scale effects

K, basic value of K for turbulence
level 0 %

L (m) characteristic length

P (N/m2)  reference pressure

Peit (N/mz) critical pressure

Py (N/mz) vapor pressure

Ps (N/m2) tensile strength of test liquid

S (m/s) standard deviation of the free
stream velocity

Tu (%) turbulence level S/V

Vo (m/s) reference velocity

Vo (m/s) basic velocity of 12m/s

P (kg/m’)  mass density of liquid

[} cavitation number

c' modified cav. number

oy basic cavitation number of a
test body for V,=0

o; cav. inception number

G/ mod. cav. incept. number

AGy effect of tensile strength on
cavitation number

Aot effect of turbulence on
cavitation number

v (cSt) kin. viscosity of liquid

Vo (cSt) kin. viscosity of water at 20°

Celsius

1. INTRODUCTION

This report strives to represent the problem of scaling
cavitation phenomena and its technical relevance, and
contains new experimental results in the field of
cavitation inception research. Its focus is on the
problems encountered when model tests are used to
determine the cavitation behavior of a prototype. There
are numerous examples where the model was observed
to be cavitation free at design operating conditions,
however, the prototype suffered extensive cavitation to
severe damage under similar conditions.

The cavitation phenomenon has received widespread
attention and intense investigation in many fields of
engineering, ranging from aerospace to civil
engineering, from ship building to turbine and pump
industry. Although the occurrence of scale effects with
model tests has long been well known and was already
mentioned 1930 by Ackeret, it can be stated, that there
is no generally accepted similarity law, neither for the
transfer of model test results to the prototype, nor even
for test results of identical or similar model bodies
investigated in different test facilities. As early as 1963
the Cavitation Committee of the ITTC initiated a
comparative test program related to cavitation inception
on head forms. The results were widely scattered in that
an increase of velocity lead to decreasing, constant or
increasing cavitation indices (Lindgren, Johnsson,
1966).

Later, extensive comparative tests in the 70-ies on
hydrofoils were initiated by the ITTC. The aim of the
test program was to determine inception of different
types of cavitation as a function of tunnel water speed
and gas content ratio. Again the data showed large
differences between the various tunnels and observers
(ITTC, 1978). Fig. 1 shows the dilemma of
incomparability of test results. It is one example of
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many that can be found in the literature. Large
differences in inception number and its velocity
dependency are found between the tunnels involved.
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Fig. 1: Experiments on tip vortex cavitation on a

hydrofoil circulated to several laboratories, as an
example of the dilemma of uncomparativity of even the
best test results available (ITTC, 1978).

Many summaries of this problem are available in the
literature, and it is not the intent of this paper to provide
yet another review. However, an attempt will be made
to document the complexity of the scale effects, and to
show the state of development of scaling laws, which
were evaluated from long series of cavitation tests on
different test body families at the hydraulic laboratory in
Obernach.

2. VISUAL APPEARANCE OF THE SCALE
EFFECTS FOR THE DIFFERENT
PARAMETERS OF INFLUENCE FOR THE
CAVITATION PHENOMENON

The classical cavitation index

For estimation of the danger of cavitation of hydraulic
machines, such as pumps and turbines, elements of
ships, or hydraulic structures in civil engineering, the
beginning and subsequent development of cavitation
phenomena are evaluated experimentally. The
submerged parts are investigated as models in a test
facility, and by means of e.g. the Thoma number its
cavitation behavior is judged. The key parameter, which
is used usually, is the dimensionless cavitation index

o =2(P-Py)/pVy )

wherein P, and V,, are a characteristic pressure and
velocity of the flow upstream of the body, p and Py
represent the density and vapor pressure of the liquid,
respectively. This classical relation (1) is deduced from
the dimensionless minimum pressure coefficient, Cpyp,
where it is assumed that the minimum pressure
corresponds to the vapor pressure of the liquid.

The cavitation theory assumes, that the cavitation
phenomena at the model and the prototype for
geometrically similar bodies are identical at equal o-
values, irrespective of variations in physical parameters
like body size, flow velocity, temperature, type of the
liquid, etc. One particularly important value of o is the
value at which cavitation is first observed, for this
cavitation condition is definable the most precisely. All
conditions beyond this must be denoted as developed
cavitation, and are not repeatable precisely for another
observer. The difficulty of reproducing -cavitation
inception at one test body in different test facilities, is
pointed out by the wide scatter of comparable results in
the literature.

From systematic investigations and experience in
practice it is well known, that the classical cavitation
relation allows no sufficiently precise transfer of test
results from the model to the prototype. At a submerged
part of a prototype fully developed cavitation is visible,
whilst at its model at identical cavitation number no or
just beginning cavitation can be observed. Also, at
identical test bodies, differently marked cavitation is
observable if they are exposed to different velocities at
equal o-values. Differences in the viscosity of the fluid
and the turbulence level of the flow have possibly
additional strong effects on the extension of cavitation .
These differences in the cavitation phenomena at model
and prototype, or at one test body at equal o but
different flow parameters, are summarized under the
term "scale effects".

Water Quality Effect

Basic supposition with cavitation investigations is, that
the rupture of liquids begins when the pressure in the
flow around a submerged body reaches vapor pressure,
Py, as equation (1) implies. The fact that cavitation tests
at identical test bodies, or even the same test body,
carried out in different test facilities lead to totally
different results (e.g. Lindgren Johnson, 1966; IT'I'C,
1978) proves this assumption to be valid only as the
exception. This wide range of experimental results can
be attributed primarily to different tensile strength, P,
of the test liquid, ie. to different water quality
concerning its cavitation susceptibility.

The following photo series illustrate this fact. Photo
series | shows the effect of tensile strength of the test
water on the hemispherical test body. In the first photo,



no cavitation is observable due to high tensile strength
of the test water, whilst at the second photo, at equal
cavitation number (o = 0.43) and equal flow velocity
(V, = 11.00 m/s) violent cavitation is registered after
the capability of the water to withstand a tension is
destroyed.

a) No cavitation, at high tensile strength of the test
water; V, = 11,00 m/s, ¢ = 0,43

b) Developed cavitation after tensile strength
of the test water is removed; V.= 11,00 m/s
c=0,43

Photo series 1: Effect of tensile strength of the test water
on the cavitation appearance, for the example of a
hemispherical body (body diameter 60 mm)

In photo series 2 the cavitation phenomena at the tip of
a profile (NACA 16 020, angle of attack 6°) are shown,
for three different water qualities at equal cavitation
number (o =0.69) and equal flow velocity (V, = 9.5
m/s). In the first photo no cavitation is visible at high
tensile strength of the test water. In the second photo,
for a water quality of zero tensile strength (definition
see below), beginning tip vortex cavitation can be
recognized. A fixed cavity, caused by a surface
irregularity is also visible. For negative tensile strength
of the test water, a fully developed tip vortex cavitation
and single bubble cavitation at the profile is registered.
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a) High tensile strength of the test water; no cavitation;
V.=9,50 m/s ¢ = 0,69

b) Zero tensile strength of the test water; beginning tip
vortex cavitation; V.= 9,50 m/s, o = 0,69

c) Negative tensile strength of the test water;
travelling bubble and developed tip vortex
cavitation; V.= 9,50 m/s, o = 0,69

Photo series 2: Effect of the water quality on the
cavitation appearance for the example of a NACA
16020 profile (chord 200mm, o = 6°)

The classical relationship (1) assumes that the critical
pressure for the rupture of a liquid corresponds to its
vapor pressure. However, the factual critical pressure,
i.e. the tensile strength P, of a liquid, depends strongly
on its gas content, its content of so-called cavitation
nuclei, and its prehistory. Unquiescented water with
high gas content can carry big bubbles in high
concentration, so that this water quality cannot bear any
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tensile strength. To the contrary, the bubbles grow in
zones of low pressure even before reaching vapor
pressure, and thus feign cavitation.. This water quality is
denoted as negative tensile strength, and the
corresponding cavitation phenomenon is called pseudo
cavitation. On the other hand clean, degassed and
quiescented water can attain high tensile strength, so
that bubbles or cavities can develop only after the liquid
is ruptured at pressures more or less far below vapor
pressure. Thus the critical pressure of a liquid at
cavitation inception can deviate to both sides from
vapor pressure.

The number for beginning cavitation, o;, can be made
free of water quality effects, by replacing vapor

pressure, Py, by the actual critical pressure for rupture
of the liquid, P_; = Py - Py

01" =2 (Po- Per) / p Vi*
=2 [Per (Py- Pl /p Vo' (2

This modified cavitation number for inception, o;" , can
also be written in the form ;"= o; + Aoy, with

Acs =2 Py p V.2 (3)

As shown in Figure 2 schematically, the effect of the
tensile strength, P,;, of a liquid for cavitation tests can be
essential. Whereas Ao for a given P is relatively small
for high velocities, it grows rapidly with decreasing
velocity, and tends theoretically towards infinity when
approaching zero velocity. With increasing velocity the
curves asymptotically approach the curve for zero
tensile strength, and then follow the velocity scaling
law, i.e. increasing o; with increasing flow velocity (for
definition of the velocity scaling law see later).

R S —

negative tensile
strenth

zero tensile strength

positive tensile
strength

Fig. 2: Schematically represented test results for
cavitation inception, with and without tensile strength of
the test liquid (chosen tensile strength P, = 0.2 bar).

The results shown in the photo series, as well as the test
results with different water qualities imply that
cavitation phenomena react extremely sensitively to
water quality. This explains the tremendous scatter of
the results in comparable tests. Even small differences
in water quality can lead to big differences in cavitation
inception number. Thus water quality effects can lead to

confusing results at cavitation tests, and this effect can
outweigh real scale effects in cavitation tests, thus
leading to totally wrong conclusions concerning the
process for rationally extrapolating model data to
estimates of prototype cavitation behavior of any given
facility.

Therefore a measurement technique to determine the
tensile strength of the test liquid was developed to its
routinely applicable form, and used throughout the test
program for the evaluation of the real scale effects.
Details of this technique (Vortex Nozzle Chamber,
VNC) as a cavitation susceptibility meter are already
published, and will not be dealt with here (e.g. Keller,
1981,1984).

Velocity Scale Effect

The following photo series 3 gives an example of the
velocity scale effect, meaning the appearance of
cavitation at a submerged body at constant cavitation
number ¢ for different flow velocities. The water
quality concerning its cavitation susceptibility was held
constant at zero tensile strength throughout the tests.
Whilst at the respective lowest flow velocities just
beginning cavitation can be recognized, at higher
velocities distinctly further developed cavitation is
observable at constant c.

Cavitation inception at o = 0.41, V,,= 8.0 m/s

Developed cavitation at ¢ = 0.41, V,, = 14.0 m/s

Photo series 3: Velocity scale effect for cavitation at the
Schiebe body of 60 mm diameter



Size Scale Effect

The photo series 4 gives an example of the size scale
effect, i.e. the appearance of cavitation at three model
bodies of identical form but of different size. Again the
test conditions are equal cavitation number, and this
time even equal flow velocity. Whilst at the respective
smallest model just beginning cavitation can be
recognized, with increasing body size distinctly further
developed cavitation is visible.

a) body size: 15 mm, ¢ =0.26, V,=11.0 m/s
beginning cavitation

b) body size: 30 mm, o = 0.26, V= 11.0m/s
somewhat developed cavitation

c) body size: 60 mm, ¢ = 0.26, V,, = 11.0 m/s,
fully developed cavitation
Photo series 4: Size scale effect for cavitation at the

Schiebe body, for o and V,, corresponding to cavitation
inception at the smallest body size.
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Turbulence Scale Effect

Most recent investigations reveal, that the turbulence
level of the free flow also has an influence on the
beginning and the development of cavitation at
submerged bodies (Keller, 1996, 1997). At otherwise
equal flow parameters, the cavitation inception number
increases, or cavitation develops further at constant o,
with increasing flow turbulence. The photo series 5
illustrates these facts. For o-values at cavitation
inception and a natural turbulence level of the cavitation
tunnel of ca. 1 %, the cavitation appearance develops
just by increasing the flow turbulence.

a) cavitation inception, S = 0.08 m/s (Tu =1%),
o= 1.78, V,=8.0m/s, L =30 mm

b) developed cavitation, S = 0.56 m/s (Tu = 7%,
o= 1.78, V,=8.0m/s, L = 30 mm

c) fully developed cavitation, S = 0.96 m/s (Tu =12%),
o= 178, V,=8.0m/s, L =30 mm

Photo series 5: Turbulence scale effect for cavitation by
example of the 1/8 caliber ogive body, at o and V,
corresponding to cavitation inception at S = 0.08 m/s
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Viscosity Scale Effect

With the application of the classical cavitation
parameter ¢ (1) it is further assumed, that the cavitation
conditions for model and prototype for geometrically
similar bodies are identical also irrespective of the type
of the liquid, i.e. irrespective of its viscosity. To
investigate this parameter, extensive cavitation tests
were conducted in glycerin- water mixtures.

These investigations revealed that the viscosity of a
liquid has an tremendous effect on the cavitation
occurrence at submerged bodies. The results are
published elsewhere in detail (Keller, Kuzman-Anton,
1992; Keller, 1992, 1994). Unfortunately the viscosity
scale effect was not documented in photo series.

3. THE EMPIRCALLY EVALUATED
RELATIONS FOR THE SCALE EFFECTS

None of the parameters of influence represented above
is taken into consideration in the classical relationship
for cavitation (1). In the past years these parameters and
their scale effects were investigated in long lasting test
series in Obernach. By focusing on the parameter of
influence generally blurring experimental results, i.e.
the tensile strength of the liquid, clear dependencies for
size, velocity, viscosity and turbulence scale effects
were revealed, and it was proven, that cavitation tests
performed without consideration of the "water quality"
on cavitation susceptibility do not lead to useful and
comparable results. Experimental results obtained with
water quality considered, show a surprisingly clear
regularity with regard to the real scale effects.
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Fig. 3: Cavitation number - velocity relation for
cavitation inception for all body types in liquids of zero
tensile strength

As a summary, a representative selection of the results
of all previously tested bodies are displayed in Fig. 3.
The classical cavitation number o for incipient
cavitation is plotted versus the flow velocity V.,
irrespective of shape, size, and liquid viscosity, the data
points for all test bodies, connected by curves, show a
steady increase of the o-number with increasing
velocity. The curves start from a basic o-value, o, for
the reference velocity V,,= 0. Altogether there appears a
striking regularity in the set of curves.

Velocity Scaling Relation

To show the evaluation of the velocity scaling relation
for beginning cavitation, the same selection of test
results as in Fig.3 is plotted in the most basic form, i.e.
pressure P, versus flow velocity V,, in Fig. 4. Again a
regular set of curves appears, which converges as the
velocity tends to zero. Since the water quality for all test
series was kept to zero tensile strength, the point of
convergence must correspond to vapor pressure (Py = 2
kPa), as the visual check confirms.

A polynom of 4th power proved to be the most suitable
relation to fit the test data in Fig. 4:

Po= Pusc ity Vi +63 Vo' Q)]

After some modifications of equation (4), the relation
for the velocity scale effect presents itself as follows
(for detailed deduction see Eickmann, 1992, Keller
1994):

o1 =ao(l + V.2 / V) 3)

The basic value oy is thus a characteristic parameter of a
distinct body, from which the o—value for each velocity
can be calculated. The constant V, has proved to be a
generally valid basic velocity (Vo = 12,7 m/s),
irrespective of the body shape, size, and type of fluid.
At this velocity the o number is twice the og-value.
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Fig.4: Pressure - velocity relation for cav. inception
for all body types in liquids of zero tensile strength



Size Scaling Relation

However, o, is still dependent on the size of a
geometrically similar body. The analysis of the test
results concerning this parameter revealed, that the size
scaling follows the square root of a characteristic
dimension, L. A plot of o, of a selection of test body
families versus L (Fig. 5) confirms this; the data points
can be very well approximated by parabolas, i.e

op=kL" (6)

where the quantity k is now a characteristic factor which
determines the cavitation behavior of a body shape.

50 100 mm
Fig. 5: Plot of basic cavitation number o, versus size L
of submerged bodies; rotational symmetric bodies and
NACA 65 006 foils

The supposition, that o, becomes zero irrespective of
body shape, when the size of the test body converges to
zero, is physically explainable, if one considers the fact,
that at that point there is no difference anymore between
the body shapes, no boundary layer can develop in the
flow, etc.

Viscosity Scaling Relation

For model tests in water, and the transfer of the result to
the prototype in water of approximately the same
temperature and thus the same viscosity, this factor k
would be applicable. However, if viscosity plays a role,
then viscosity scale effects must be taken into conside-
ration. In Fig. 6 the k-values of NACA 65 006 profiles,
tested in water and water-glycerin mixtures are plotted
versus the relation of the kinematic viscosity of water at
20° C, vy, to the kinematic viscosity of the liquid, v , to
the power 0.25.

The mean k-values for one angle of attack lie
approximately on straight lines. The scatter of the
results and the deviations from the regression lines must
be considered under the aspect of very difficult
achievement of zero tensile strength in the test liquids
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during the test series. Thus the viscosity scaling follows
the law:

k=K (vo/v)"* (7)
where K is a cavitation-related shape factor, now

independent of flow velocity, size, and viscosity of the
fluid.
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Fig. 6: k-value - viscosity relation, evaluated from test
results at NACA 65 006 profiles of different size and
angles of attack in water and water-glycerin mixtures of
zero tensile strength.

Turbulence Scaling Relation

Finally, most recent investigations on the influence of
the flow turbulence on cavitation reveal, that cavitation
number o increases with the turbulence intensity of the
free flow (Keller, 1996, 1997). In Fig. 7 the connection
between cavitation inception and flow turbulence is
represented by example of the blunt test body family. A
considerable growth of the classical cavitation number
o with the turbulence level Tu is ascertained. Besides
this turbulence effect, the before mentioned scale effects
for velocity and size are also evident.

d
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I

‘Fig. 7: Cavitation inception at the blunt test body
family, in the conventional plot o—value versus flow
velocity, for turbulence levels of the free flow from
natural up to ca. 20 %
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In order to show the effect of the flow turbulence
without the superimposed effects for velocity and size,
in Fig. 8 the K-values of the blunt body family are
plotted versus the standard deviation of the flow
velocity, together with the regression line through the
test data. In Fig. 9 the regression lines evaluated from
the cavitation test data at four rotational symmetric
bodies and a NACA profile at various angles of attack
are plotted versus the standard deviation S, of the flow.
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Fig. 8: New characteristic number K for cavitation
inception at the blunt test body family, versus the
standard deviation S of the free flow velocity, together
with the regression line through the data points
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Fig. 9: Combination of the regression lines for the
investigated rotational symmetric test bodies of different
shape and a NACA profile at various angles of attack,
versus the standard deviation of the free flow velocity

The dependency of the new characteristic parameters K
on the standard deviation, S, of the velocity of the free
flow can be approximated by the relation

K =Ko (1 +KgS /4) (8)

where K, represents a basic value of the new

characteristic cavitation number K at a turbulence level
of 0 %, S represents the standard deviation of the free
flow. Ko must be derived experimentally. The Ky-values
evaluated so far are listed in Table 1.

Table 1: Ky-values of the investigated bodies

Testbody K, Testbody K
hemispherical 2.5 NACA, 6° 1.2
conical 4.5 NACA, 9° 2.2
1/8 cal. ogive 6.5 NACA, 12° 34
blunt 7.7 NACA, 15° 5.5

4. DISCUSSION

After removing the main factor for confusing and
blurring test results, i.e. the liquid quality effects with
regard to its tensile strength, and after carrying out
extensive test series, where only one parameter of
relevance was varied while all the others were kept
constant, strikingly simple and clear relations for scale
effects appear. Starting with equation (5) for the
velocity scaling, and using the relations (6), (7) and (8),
one gets the complete and purely empirical relation for
all the investigated scale effects:

0i= Ko L' (vo/ v)"™ [1 +(Voo/ VoF'1 (1 + Ko S/ 4) (9)

Knowing K, for a certain body contour, the c-number
for cavitation inception at that type of body, for every
size, flow velocity, viscosity of the fluid and turbulence
level of the flow should be predictable. In principle the
shape factor K, can be evaluated experimentally
through a single cavitation experiment, by evaluating o;
with the help of equation (2), for a certain model body
of known size, flow velocity and its standard deviation,
and known viscosity of the liquid. However, it must be
ensured that the liquid quality, concerning its cavitation
susceptibility, P, is determined as precisely as possible.

All the shown results make it evident that there are
deviations from the classical relation (1), which is based
on the assumptions that all pressure differences in the
flow are proportional to 0.5 pV,> i.e. that no other
forces than inertia forces are effective, and that the criti-
cal pressure for cavitation occurrence is the vapor
pressure. This assumption also implies that o; should
equal the minimum pressure coefficient Cpy.

The reason for the departures from the classical theory
must be looked for in viscous forces and bubble
dynamics effects. The actual flow around a body and its
pressure depart from the ideal flow, because of the
boundary layer creating turbulent pressure fluctuations
and other effects acting on cavitation nuclei carried in
the flow. Thereby it is obvious that the cavitation
phenomena respond as sensitive to the water quality as
they respond to pressure fluctuations in the flow caused
by viscous effects.



The similarity law for the departures caused by viscous
effects is expressed by the Reynolds number. To
maintain a constant ratio of inertia to viscous forces the
Reynolds number, Re, must be kept constant.

Re = VL /v = const

Therefore often the cavitation number o is correlated to
the Re-number, or a certain power of it, respectively. If
the classical similarity relation would hold, o; would be
independent of Re, and if the scale effects are solely
caused by viscous forces, there should be a clear de-
pendency of o; on Re.

To demonstrate that this is not true, the above relations
for size, velocity and viscosity are plotted in the o-Re
diagram. By applying equation (9) for the example of
the hemispherical body (K, = 2.5), and starting at the
point for the body size of 30 mm diameter, 10 m/s flow
velocity, a turbulence level of ca. 1% and a cinematic
viscosity for water at 20°C, i.e. Re = 298800, the o;-
values are plotted versus Re, changing Re by varying
the three Re-parameters, V., L, and v separately.
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Fig. 10: Variations of o; with Reynolds number, by
changing V., L and v separately.

In general, increasing the Re-number by increasing the
flow velocity (V,,), the body size (L), or decreasing the
viscosity (v), respectively, causes the oi-number to
increase, however, the rate of increase is totally
different, so that different o;-values result at equal Re--
numbers even for the same body, depending on the Re-
parameter changed .

The variations of ; with the turbulence level of the flow
and the tensile strength of the liquid at constant Re-
number are indicated by vertical arrows.

There is no indication at any of the presented results that
an increase of the Re-number through size, velocity, or
viscosity causes a decrease in the cavitation number, as
is reported from several results in the literature. The
decrease in o; with e.g. increasing velocity or size, can
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thus be only explained by an uncontrolled and unknown
change of the water quality during the experiments.

Although the understanding of the physical mechanisms
remains shallow, and analytical /numerical prediction
methods are nonexistent, the reported findings leave
hope that the pessimistic views listed in the introduction
can be turned into more optimistic prospects. It seems
that there is a universal kind of cavitation and a single
scaling law will suffice. However, to find out the correct
physical model for cavitation onset, more and
sophisticated experiments are necessary.

5. CONCLUSIONS

The prediction, or better, the avoidance of cavitation, is
the aim for the design of hydraulic machines and
structures. Model tests are necessary because cavitation
still evades exact theoretical prediction. With the
transfer of model test results to the prototype, discrepan-
cies arise from the expected cavitation behavior. These
discrepancies are called scale effects.

The complexity and the number of the scale effects let
account for the fundamental questions still open with
the transfer of cavitation tests. Innumerable examples
can be found, where a model was observed to be
cavitation free at the design o, and under similar
conditions the prototype suffered extensive cavitation,
which led possibly within short time to massive
damages.

Through extensive experimental work the scale effects
on hydrodynamic cavitation of flow velocity, body size,
viscosity of the liquid, and flow turbulence were
evaluated, after the covering effect of water quality,
concerning its cavitation susceptibility, was got under
control. Relations for the scale effects were evaluated,
which altogether lead to the following overall relation:

6i= KoL (wvo/ V)" [1 + (V! Vo)1 (1 + Ko S/ 4)

This relation proved to be valid for all investigated body
types. Only one basic characteristic parameter, Ko, for a
distinct body shape is necessary to evaluate cavitation
inception of this body at any size, flow velocity,
viscosity of the liquid, and flow turbulence. The shape
factor, Ko, must be evaluated experimentally by a
cavitation test, under strict control of the water quality.

These purely empirical scaling relations are of stunning
simplicity, and the general validity is astonishing.
However, the relations should be checked by other
observers in all kinds of facilities. But only if a standard
water quality measuring instrument, respectively a
critical pressure definition method is routinely used for
the cavitation inception experiments, comparable test
results can be expected.

The cavitation phenomenon proves to be as one of the



30-10

most difficult problems, with which an engineer in the
area of hydromechanics is confronted. It is believed that
the obtained findings about the influence of the different
parameters on the cavitation appearance, and the
derived empirical relations will provide a step forward
in the efforts towards a better understanding of the
extremely complicated cavitation phenomenon. It still
remains a big need of further theoretical and
experimental research in order to reveal the very process
of cavitation inception and the scale effects.
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SUMMARY

Results of experiments performed by ejecting semi-dilute
drag reducing polymer solutions from an orifice situated at
the tip of an elliptical hydrofoil are reported. It is
demonstrated that the conditions for tip vortex cavitation
occurrence are substantially modified by the ejection of
very small flow rates of the polymer solutions while non
appreciable alteration occurred when pure water is ejected.
In order to investigate the causes of the cavitation
inhibition effect, axial and tangential velocity profiles
along the tip vortex in the very near region, comprised
between the tip and one maximum chord downstream, were
measured using Laser Doppler Anemometry. Statistical
information on the moments and cross moments of the
velocity fluctuations were also obtained. The ejection of
the polymer solution results in the widening of the viscous
core of the tip vortex, where the tangential velocities are
reduced as compared to the pure water situation and the axial
velocities display a marked wake effect. Changes are also
apparent on the root mean square and skewness of the
velocity fluctuations and on the cross moment of the axial
and tangential velocity fluctuations. Analysis of the data
indicates that the velocity modifications may be associated
to the swelling of the polymer solution when issuing from
the orifice. The changes of the velocity fluctuation and
cross moments shows that they are essentially caused by
the spatial bias introduced by the finite dimension of the
measuring. volume and the wandering of the vortex; "true"
turbulence being a relatively small additional effect. By
simulating the spatial bias effect it is shown that the
ejection of the polymer solution results in a nearly
complete suppression of the "true" turbulence in the core
region. )

1. INTRODUCTION

Since tip vortex cavitation is generally the earliest form of
cavitation to occur, much attention has been devoted to
investigate the conditions of inception and desinence on
propellers and hydrofoils.

We recall that on a finite span wing, for specific conditions
of reference pressure, mean velocity and angle of attack, the
pressure at the tip vortex axis decreases below the vapour
pressure and cavitation occurs along the vortex path. Thus,
onset of cavitation can be predicted from the minimum
pressure coefficient on the vortex axis, Cpmin, function of
the local vortex intensity I, hence the lift coefficient Cy,
and the viscous core size a. McCormick [1] hypothesized
that the tip vortex core radius can be related to the foil
boundary layer thickness and thus expressed as a function
of the Reynolds number, Re, to a power n. Billet and Holl
[2] have shown that the minimum pressure coefficient on
the axis of a Rankine type vortex will be given, for fully
turbulent boundary layer conditions prevailing on the foil
surface, by :

Cpmin =k C} R®* =0, 1)

where k is a constant, function of the foil characteristics
(planform, cross section). If cavitation occurs when the
local pressure on the vortex axis is equal to the vapour
pressure, the critical cavitation number for inception, o;, or

desinence, oy, should be equal to —Cppy;p-

Up to a very recent past, most of the results showed that the
experimentally predicted Cppi, (with sign changed) was
generally higher than the critical cavitation number. Some
authors (see Amdt and Keller, [3] and Green, [4]) assumed
that either extraneous effects, such as pressure fluctuations
due to turbulence, or water quality ("strong" or "weak"
water) were responsible of the above mentioned
disagreement. Moreover, the tangential velocity profiles
used to estimate the core pressure were ill selected (situated
too far downstream from the position were the minimum
occurred), measured with a very poor spatial definition or
without taking into account the bias measuring effect due to
the vortex wandering. Under these circumstances, the
possibility of equating the critical cavitation number to the
minimum pressure coefficient computed numerically using a
Navier-Stokes code (in the event the said code incorporates
the proper turbulence model for intense rotating flows) and
of validating expression (1), essential to be able to

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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accurately extrapolate the results obtained in small
cavitation tunnels to prototype operating conditions, was
subject to criticism. Moreover, no appropriate
methodology to distinguish the contribution of pressure
fluctuations, measuring bias and water quality was offered.

In order to respond to these interrogations, a detailed
investigation of tip vortex roll-up and cavitation inception
(desinence) has been conducted in a variety of cavitation
tunnels with the sponsorship of the Direction des
Recherches et de la Technologie (DRET) Ministry of
Defence, France, under the Action Concertée Cavitation
Program [5]. The foil geometry - cross section and
planform -, the flow conditions (Reynolds number,
background turbulence and boundary layer transition
promotion ), the water quality, as well as the consequence
of drag-reducing polymer solution ejection from the tip of
the foils were some of the many parameters whose impact
was to be determined. The procedure developed by the
participants to the ACC was to conduct detailed
measurements of axial and tangential velocities in the very
near region (less than a chord downstream the tip),
allowing to establish the evolution of the local intensity,
the local core radius and the minimum pressure coefficient
on the axis of the tip vortex. In the majority of the test
conditions the minimum of the pressure coefficient on the
vortex axis compares very favourably to the critical
cavitation numbers.

The objective of this paper is to present the results of a
research conducted to investigate the effect of the ejection
of solutions of a drag reducing polymer on tip vortex
cavitation. Earlier investigations, Aflalo [6] and Fruman
and Aflalo [7], demonstrated that ejection of these
solutions at very low flow rates at the tip of an elliptical
hydrofoil was an effective way of delaying cavitation
occurrence. By performing some limited tangential
velocity measurements at a single station far from the foil
tip, Aflalo [6] was able to show that the main effect of the
polymer ejection was to increase the diameter of the vortex
(viscous) core and thus to decrease the maximum tangential
velocity without modifying, in any significant way, the tip
vortex intensity (circulation). Thus, the pressure at the axis
is increased as compared with the no ejection situation.
Equal mass ejection rates of water and water plus glycerine
solutions were shown not to alter the tip vortex occurrence
conditions. The cavitation inhibition was thus associated
to the viscoelastic properties of the polymer solutions. It
was speculated that the jet coming out from the ejection
orifice swells in such a way that the roll-up of the potential
flow occurs over a fictitious rounded tip. The promising
results shown by Aflalo [6] and Fruman and Aflalo [7] with
an elliptical foil at very low (=0.2 x 106) Reynolds numbers
have been confirmed by Chahine et al. [8] in the case of
polymer ejected through appropriate orifices at the tip of
the blades of a 29 cm diameter propeller. With a polymer
concentration of 3000 ppm and a flow rate of about
1.3 cm3/s they were able to achieve critical cavitation
number reductions of about 35%. In this presentation we
concentrate on results obtained with a foil twice as large as
the one employed by Aflalo [6] and at.larger flow
velocities, thus much larger Reynolds numbers [9]. Also,
detailed axial and tangential velocities and velocity
fluctuations measurements in the very near region allow to
provide more information on basic aspects of tip-vortex

roll-up and turbulence development in the very near region
[10].

2. EXPERIMENTAL

2.1 Experimental facility

Experiments were conducted in the Ecole Navale Cavitation
Tunnel (ENCT) with a 3.8 area ratio elliptical hydrofoil
having a NACA 16020 cross section and a maximum chord
length of 80 mm. The lift coefficient for the base foil in
pure water with and without the ejection port have been
given in Fruman et al. [9, 11]. The wing was mounted
horizontally on one of the vertical walls of the test section,
as described by Fruman et al. [12]. Lift and drag forces were
measured using a three component strain gaugé balance.
Axial and tangential velocities were measured using a two
component Dantec Laser Doppler Velocimetry (LDV)
system operating in the back-scattering mode. For the
optical configuration selected, the measuring volume is
0.5 mm long and 0.04 mm wide. The circulating water and
the ejected fluid were seeded with Iriodine in order to
increase the data rate. '

The ejection port was situated just at the foil tip and has a

diameter of 1 mm, as the one used by Aflalo [6]. Ejection

tests were conducted with aqueous solutions of
Poly(ethylene) oxide POLYOX WSR 301 (provided by

Union Carbide), a very effective drag-reducing polymer

conferring to the solvent marked viscoelastic properties. A

master solution of 1000 ppm was fabricated 24 hours. prior

to the tunnel tests in order to assure a well homogenized -
solution. The polymer solution contained in a 0.1 m3

reservoir is pressure driven through a rotameter into the

ejection port. This rotameter was calibrated prior the tests

by measuring the volume discharged during a given time.

Ejection rates selected for the tests were 4.7 or 3.4 cm’/s

for the polymer solutions and 5.5 cm’/s for water.

2.2 Experimental procedures

Tip vortex cavitation inception and desinence were
obtained from direct visual observation of the test section,
improved using a stroboscopic light source. In order to
guarantee the best tests conditions, a specific procedure was
implemented. For a given free stream velocity and no
ejection, the reference pressure was decreased until
incipient conditions were reached. The pressure was then
further reduced in order to develop a cavity within the tip
vortex. Then, the desinent condition was determined by
increasing the pressure. At this point the polymer ejection
flow rate was set and the pressure was varied down and up as
for the no ejection tests. The incidence angle was then
changed and the whole procedure repeated. Only the data
obtained for a given set of no-ejection/ejection tests are
compared.

During all this procedure, the hydrodynamic forces were
checked in order to assess any change due to the increase of
the polymer concentration in the circulating water. The
final homogeneous polymer concentration built up in the
tunnel at the end of the ejection tests did not exceed one
ppm, well below the levels (=10 ppm) for which Fruman
and Aflalo [7] have reported significant lift changes in
homogeneous polymer solutions.

For LDV measurements, with or without ejection, the centre



of the vortex is first approached by making the point of
crossing of the laser beams to coincide with the cavities
convected in the vortex path for a cavitation number
slightly below the critical one. Then, the precise location
of the axis is determined by velocity measurements within a
short distance around this approached position, as
described in Fruman et al. [11]. The velocity profiles are
measured along a direction, y, parallel to the span, positive
outboard and passing through the vortex axis. The
downstream distance, x, is referred to the tip of the foil,
taken as the origin. Measurements were conducted for
x/cpaxs, Where ¢y is the maximum chord, of 0.125, 0.25,
0.5 and 1.0. The rough signal from the LDV is treated by
two Burst Spectrum Analyser (BSA) from Dantec [13]

giving the mean,
1
=<2 @
i

of each velocity component, the root mean square,
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of the velocity fluctuations, as well as the product of the
axial (index a) and tangential (index 1) fluctuations,

WV =~ X W=D (i) )

-These values are recorded on a hard disk for off-line
treatment. In these expressions U; is an instantaneous
- measurement of the velocity depending both on the time an
on the position of the detected particle in the measuring
volume even if, in the treatment, the position information
is ignored.

The relative error of the lift coefficient is estimated to be
less than +2%, taking into account the uncertainties
associated with the lift force measurement and the free
stream velocity, respectively +0.5% and +0.75%. The
uncertainty associated with the cavitation number is less
than the standard deviation, +2.5%, of experimental data
issued from repeated tests conducted at a given angle of
attack and free stream velocity. The LDV measurements are
associated with a random uncertainty estimated to be less
than *1.5% which is issued from the electronic and
numerical treatment of the Doppler signal giving the
instantaneous velocity. For large enough samples, it can be
expected that the error on the mean value is much less than
1.5%. The mean velocity values are the mean of about 2500
readings for each position. The ejection rate uncertainty is
about +3%.

3. RESULTS

3.1 Critical cavitation numbers

The cavitation number is defined as,
2 Fs—F
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where P, and p are respectively the vapour pressure and the
specific mass at the temperature of the circulating water,
and P_ and V_, the reference pressure and the free stream
velocity measured at the entrance of the test section. The
inception and desinent cavitation numbers without polymer
ejection (0; and o, respectively) are plotted in Figure 1
together with the results for an ejection of a 1000 ppm
polymer solution (0;, and G, respectively) at a flow rate of
4.7 cm¥/s as a function of the angle of attack for two free
stream velocities corresponding to Reynolds numbers of
0.62 x 10% and 105. In both cases, ejection results in a
decrease of over 20% of the cavitation numbers.
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Fig. 1 : Critical cavitation numbers as a function of the
angle of attack for (a), Re = 0.62 x 105 and (b), Re = 105.
(polymer concentration : 1000 ppm, ejection rate :
4.7 cm3/s).

Figure 2 shows that the desinent cavitation numbers
obtained during the ejection of polymer solutions with
concentrations of 1000 and 500 ppm and an ejection rate
of 4.7 cm3/s are within the experimental errors. A 30%
reduction of the ejection flow rate, from 4.7 to 3.4 cm3/s,
do not causes either a significant modification of the
cavitation conditions, Figure 3.
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Fig. 2 : Desinent cavitation number as a function of the
angle of attack for two injected polymer concentrations;
(Re = 105; ejection rate: 4.7 cm3/s).
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Fig. 3 : Desinent cavitation number as a function of the
angle of attack for two injection rates (Re = 105, polymer
concentration : 1000 ppm).

3.2 LDV measurements

Figure 4 shows the profiles of the non dimensional axial,
V2 /V., and tangential, V,/V,,, velocity components at
four stations within one chord from the tip, for an angle of
attack of 10°, a free stream velocity of 12.5 m/s
(Re = 10%) and three conditions : no ejection, ejection of a
1000 ppm polymer solution at a rate of 4.7 cm3/s and
ejection of water at 5.5 cm3/s (for only two stations).
Positive values of y/c,,, correspond to the outboard

positions.

The tangential velocities display in all cases a solid body
_rotation region, where velocities increase linearly with
distance to the vortex axis, an intermediate transition
region and a potential region, where velocities are

inversely proportional to the distance to the vortex axis..

Only minor modifications of the tangential velocity
profiles occur during water ejection. However, the ejection
of the polymer solution causes a significant reduction of
the maximum velocity and an appreciable increase of the
size of the viscous core, while the potential region remains
unchanged. These results are qualitatively analogous to

those obtained by Aflalo [6] in his early investigation. It
should be pointed out, however, that the present results
offer a much detailed spatial resolution and a unique view of
the effects taking place in the very near region downstream
the vortex.

Without mass ejection from the tip, the axial velocities are
nearly constant everywhere. Mass ejection of water or
polymer solution causes a reduction of the velocities in the
viscous core region. At the station closest to the tip, the
effects of the polymer solution are significantly larger than
those of water. When the distance increases, the difference
between water and polymer solution ejection fades away,
but the velocity defect persists.

Figure 5 shows, for the pure water and the polymer solution
ejection situations and at one maximum chord downstream
the tip, the root mean square (RMS) and skewness (Sk) of
the velocity fluctuation of the tangential and axial
components.

As compared to the pure water situation, the changes due to
the polymer ejection can be summarized as follows :

i) the maximum tangential velocity fluctuation is
much reduced,

ii) the axial velocity fluctuation is increased and
develops a saddle type behaviour in the core region,
the minimum coincides with the centre of the
vortex, the maximum on each side are at the same
position that the extreme of the tangential velocity,

iii) the skewness of the tangential velocity component
has its maximum and the slope in the core region
reduced and the scatter in the potential region
increased,

iv) the skewness of the axial velocity components
" becomes more organized in the core region and with
limited scatter in the potential region.

The cross moment, Figure 6, develops a positive
contribution as large as the negative one ; the latter being
smaller than in pure water. More details about the RMS, Sk
and cross moment distributions are given below.

RMS

Whatever the station, the tangential velocity fluctuations
in pure water are nearly symmetrical with respect to the
maximum, centred on the vortex axis, affected by a very
limited scatter and show practically the same maximum. For
the polymer solution ejection and the station closest to the
tip, the scatter is significant and the maximum, smaller
than in the case of pure water, is on the onboard side of the
vortex. Moving downstream, the maximum decreases
slightly and the symmetry is recovered at distances larger
than half a maximum chord. For the axial velocity
fluctuations the major change is associated with the
occurrence of a saddle type behaviour everywhere but
particularly marked, in amplitude and extent, at the first
station.
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Figure 4a-d : Non-dimensional tangential and axial velocities as a function of distance to the vortex axis for different axial

stations (& = 10°, Re = 108, polymer concentration : 1000 ppm)
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Figure 5 : Root mean square and skewness of the velocity fluctuation at one maximum chord downstream the foil tip for water
and polymer solution ejection.

Skewness

For water and polymer ejection, distance has very limited
effect on skewness of the tangential velocity ; the slopes
of the linear region remain the same as well as the
maximum and minimum amplitudes. For polymer ejection,
in the outboard potential region the scatter is extremely
large whatever the distance to the foil tip. This contrasts
with the behaviour in pure water ; nearly free of scatter in
the potential region. The skewness of the axial velocity in
pure water shows a near zero level in the potential region
for all the stations. In the core region and for the closest
station to the tip, negative values occur. They decay very
rapidly downstream and level off at one chord where the
zero level is reached everywhere. With the polymer
solution ejection, the mean level in the potential region is
nearly constant and close to zero without any significant
scatter. In the core region, the very distinct shape
developed at the station closest to the tip decays when
moving downstream but remains still significant at one
chord.

Cross moment

The cross moment in pure water is characterized, for x/cyax
equal to or larger than 0.50, by a single negative bucket
centred on the vortex axis surrounded by a flat, zero value
region, corresponding to the potential part of the flow both
on and outboard. The ejection of the polymer solution
develops, for x/cy,, €qual to or larger than 0.25, a peculiar
pattern mainly associated, as it will be seen next, to the
large axial velocity deficit. The absolute values of the

maximum and minimum are comparable, showing the
absence of a non symmetrical contribution due to the "true"
turbulence, as in the case of pure-water flow.

outboard inboard

Vv, V.,m?/s?

pol. sol. ejection

-1.5 |- | o |pure water

¥, mm

J
40

2.0 L L
20 25 30 35

Fig. 6 : Cross moment of the tangential and axial velocity
fluctuations at one maximum chord downstream the foil tip
for water and polymer solution ejection.

4. DISCUSSION AND INTERPRETATION

4.1 Critical cavitation numbers

Tests performed in the range of Reynolds numbers
encountered at the ENCT display an improvement of up to
30% in the cavitation numbers as the polymer solution is
ejected in the vortex core. Thus, for given reference



pressure and angle of attack, the free stream velocity can be
increased up to 15% with the polymer ejection without
cavitation inception. Since the lift coefficient of the foil
measured during the ejection tests did not show any
distinguishable difference as compared to pure water, the
reduction of the critical cavitation numbers can not be
ascribed to a reduction of the foil bound circulation in the
mid-plane. Cavitation tests conducted with water ejection at
a flow rate of 5.5 cm3/s did not display changes of the
critical cavitation numbers. Moreover, Fruman ([14], [7])
and Chahine et al. [8] showed that a water-glycerine
solution with a viscosity larger than the one associated
with the polymer solution used during these measurements,
does not lead to a modification in the measured critical
cavitation numbers. Hence, the observed delay is neither
the result of mass addition in the vortex core nor caused by
improved diffusion due to increased viscosity. Only the
polymer viscoelastic properties can be made responsible of
the observed effects.

Furthermore, for the experimental conditions tested, no
significant effect of the ejection rate was noticed. This can
be associated to the saturation effect shown by Fruman and
Aflalo [7] to exists in their tests for a 1000 ppm polymer
solution at ejection rates larger than 0.7 cm3/s and a
Reynolds number of 0.2x 105. Since the ejection rate
scales with the Reynolds number, for the present tests at a
Reynolds numbers of about 106 the lower limit for
saturation will be 3.5 cm3/s, value corresponding to the
minimum selected for performing the experiments. The
physical explanation for this saturation effect can be traced
to the existence of a maximum possible jet swelling, as
shown by Fruman et al. [15] in the case of jets ejected in
stagnant fluids, and to the fact that, for axisymmetric jets,
swelling increases only as the 1/3 power of the ejection
velocity (Ouibrahim et al. [16]).

For an axisymmetric vortex, the radial equilibrium equation
is given by,

2
_O69— O

d V,
E(P‘Grr)=P—;’ (7)

r

where o,, and Ogg are the normat stresses along the radial
and tangential directions. If we assume that ¢,, =0 for a
point situated at a large distance to the vortex axis, then,
the integration between infinite and the axis gives,

oa

v Teo,-
(P=0,) = Po- pf—‘—dr - [t @
r r
0 0
The pressure at the axis of the vortex can be modified either
by the modification of the tangential velocity profile or the

introduction of normal stresses associated with the
viscoelastic behaviour of the ejected polymer solution.

For a Newtonian fluid, the contribution of the second
normal stress difference, &,, —Ogg, is zero and the pressure
coefficient at the vortex axis, Cp, can be determined from
the tangential velocity profiles,

R-P, 2 (V2
Cp=27———ﬁ Tdr (9)
0

In Figure 7, the pressure coefficients (with sign changed)
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computed using expression (9) are plotted as a function of
the downstream distance for the no ejection and polymer
ejection cases. The corresponding desinent cavitation
numbers with and without polymer ejection are also
indicated.

_Cp
— num . . .
20 —  — < 0, without ejection

o | no ejection

1.5 polymer

0, with polymer ejection

1.0+

05 | 1 1 1 J
0 02 04 0.6 0.8 1

Fig. 7 : Computed pressure coefficient as a function of the
downstream distance (& = 10°, Re = 109).

The no ejection data clearly indicate that a minimum could

exist in between the 0.125 and 0.25c,  stations as

clearly demonstrated by previous investigations (Fruman et
al. ({11], [12])). The minimum pressure coefficient will be
thus larger than the value corresponding to 0.25c ..,
estimated to be —1.71. This value is higher than the
desinent cavitation number (with sign changed), —1.93, but
reasonable close as the tentative curve fitting shows.

With polymer ejection a tentative extrapolation of the
pressure coefficient data indicates that the minimum occurs
probably nearer the tip that in the case of no ejection. At
the tip, the extrapolated value can be estimated to be about
—1.3, larger but reasonably close to the desinent cavitation
number with sign changed, —1.49.

To our knowledge, only the swelling of the jet issuing from
the ejection port has been made responsible of the increase
of the pressure coefficient and the decrease of the critical
cavitation numbers. Fruman and Aflalo [7] stated that "the
polymer solution ejected at the tip of the wing swells when
exiting the capillary tube and modifies the roll-up process
by creating a displacement effect”, readily seen in Figure 4
to be of about 0.35 mm at the station nearest the tip. If it
is assumed that this increase corresponds to the swelling of
the jet issuing from the ejection port, the relative swelling
(ratio of the swollen jet diameter to the port diameter) will
be of 1.7. Fruman and Galivel [17] have investigated the
behaviour of wall polymer jets ejected from two
dimensional slits into a coflowing stream and shown that
the relative swelling was about 2 for a free stream velocity
of nearly 8 m/s, an ejection velocity over slit thickness of
4200 s~! and a polymer concentration of 2000 ppm.
Because in the present situation the free stream velocity is
larger (12.5 m/s), the concentration smaller (1000 ppm)
and the ejection velocity to port diameter ratio slightly
larger (=6000 s~1), the value estimated above seems to be
reasonable. Moreover, an explanation based on the
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modification of the core dimension is consistent with the
fact that the growth of the jet persists over long distances
as a result of the known coherence of polymer jets and
decreased diffusion of polymer solutions.

4.2 LDV measurements

All LDV velocity and velocity fluctuations measurements
are directly affected by the slope and curvature of the ideal
instantaneous velocity profile. The reason lies in the fact
that over the finite dimension of the measuring volume,
particles will have different velocities depending on their
position. As a result, the histograms of velocities will
extend between the minimum and the maximum of the
portion of the instantaneous velocity profile included in
the measuring volume with a probability favouring the
faster particles. To this purely mechanical histogram,
giving the impression of apparent velocity fluctuations, a
turbulence effect will be additioned. If the ideal
instantaneous velocity profile is subjected to motions in
space, vortex wandering in the present case, the measuring
volume will be, in appearance, extended to incorporate the
vortex wandering amplitude. This amplitude plus the
measuring volume length is the spatial bias which has to be
accounted for if the velocities and velocity fluctuations are
to be interpreted. To do this, authors have proposed
different approaches for example Devenport et al. [18] for
their hot wire velocity measurements in tip vortices have
assumed a probability distribution within the spatial bias.
Fruman et al. [19] and Fruman and Billard [10] have
developed a simple approach consisting of computing the
statistical first and higher moments of a velocity profile
making use of equations (2) to (5), assuming that the
velocity is an ergodic function and substituting thus a time
dependent integration by a spatial integration. This
assumption implies that all particles have the same
probability (independent of their velocities) to be within
the spatial bias. A more sophisticated approach, consisting
on building a full histogram by summing individual
weighted Gaussian distributions, one for each local
velocity comprised within the spatial bias, has been
recently proposed (Le Guen [20]). The weight of the
Gaussian distribution accounts for the fact that particles
having large velocities have a larger probability to cross
the measuring volume than slowly moving particles. An
example of the first approach is given below.

The measured tangential velocity profile at x/cg,, = 1

during polymer ejection has been fitted using the following
expression,

2
YViosi_ b | e —[—y_y") (10)
V. “)270-y0) ;

with I; is the intensity of a vortex centred on the axis, g;

is the radius of a vortex core and y, is the abscissa of the
vortex axis. The adjustment was conducted by selecting the
I'; and a; in order to minimize the root mean square of the
differences between measured and adjusted values. Three
vortices were sufficient to achieve a very good fit. Thén,
the different moments, over a sliding window of length §,
were computed using expressions (2) to (5) and twenty
discrete values of the fitted velocity profile. The values of
the skewness increase in a non physical way in the region

far from the vortex core if they are normalized with the third
power of the computed RMS, whose values are very small in
this region. To avoid this situation, a background uniform
fluctuation, equal to 0.007 of the upstream velocity, was
added to all computed values of the apparent RMS. Figure 8
shows the experimental and adjusted velocity profiles, the
RMS and the skewness for a span 6 =3.8 mm. This value
has to be compared to the core radius, of about 1.75 mm,
and the length of the measuring volume, of about 0.5 mm.
The maximum of the apparent velocity fluctuation and the
minimum of the skewness are respectively 0.33 and —1.83.
The experimental values are 0.3 and -1.85, in very good
agreement with the estimated ones.
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Figure 8 : Adjusted tangential velocity profile at
x/ cpax=1, apparent velocity fluctuation (RMS) and

skewness (Sk) distributions due to an assumed excursion of
the spatial bias of length equal to 3.8 mm. Free stream
velocity 12.5 m/s, polymer solution ejection flow rate
4.7 cm3/s.

An analogous procedure was followed for the axial velocity
profile, who was fitted using

Vo
z:l—AVa cxp[—k(y—yo)2] (11

where AV, is the velocity deficit on the vortex axis and k is
an adjustment constant. Figure 9 shows that the adjusted
velocity profiles fits pretty well the experimental one. The
RMS and the skewness were computed as above for the same
span & and plotted in Figure 9. The extreme values of the
RMS and the skewness are 0.074 and —1.32 respectively.
These values are to be compared to the experimental ones of
0.1 and -1.3 (Figure 5).

Finally, the cross moment, Figure 10, indicates an
estimated maximum of 1.74, larger than the experimental
value of 1.5, but still reasonable taking into account the
numerous approximations made. Table 1 offers a summary
of these comparisons.

It seems therefore plausible to conclude that the ejection of
a semi-dilute polymer solution into the core of a tip vortex
results in the near complete suppression of the contribution
of turbulence to the velocity fluctuations. Most, if not all,
of the velocity fluctuations are associated to the spatial
bias due to the finite length of the measuring volume of the
LDV and the excursion of the tip vortex (wandering). In the



case of pure water flow without polymer ejection, both
vortex wandering and turbulence contributes to the velocity
fluctuation ; the first contribution being much larger than
the second one.

0.1

-0.2

20 22 24 26 28 30

Figure 9 : Adjusted axial velocity profile at x/cp,,=1,
apparent velocity fluctuation (RMS) and skewness (Sk)

distributions due to an assumed excursion of the spatial bias -

of length equal to 3.8 mm. Free stream velocity 12.5 m/s,
polymer solution ejection flow rate 4.7 cm?/s.
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Figure 10 : Cross moment distribution for the adjusted
velocity profiles of Figure 8 and 9 due to an assumed
excursion of the spatial bias of length equal to 3.8 mm.
Free stream velocity 12.5 m/s, polymer solution ejection
flow rate 4.7 cm3/s.

Table 1: Comparison of experimental and predicted key
values of the velocity fluctuation characteristics with
polymer injection.

Experimental | Predicted
Axial max. RMS 0.1 0.074
velocity min. Sk -1.3 -1.32
Tangential | max. RMS 0.3 0.33
velocity min. Sk -1.85 -1.83
Maximum cross moment 1.5 1.74
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Finally, it is interesting to note that the cross moment for
pure water is consistently negative and that this behaviour
can only be associated to the true turbulence. However, the
physical significance of this behaviour is not as yet well
understood. Another question still unanswered is related to
the very large scatter of the skewness of the tangential
velocity fluctuations in the potential region for polymer
solution ejection.

5. CONCLUSIONS

An investigation on the modification, as a result of a
localized semi-dilute drag-reducing polymer ejection at the
tip of an elliptical wing, of the critical cavitation numbers
and of the axial and tangential velocities and velocity
fluctuations of the tip vortex was conducted. As established
in a previous investigation at much smaller Reynolds
numbers, the present results show that tip vortex cavitation
inception and desinence can be reduced by as much as 30%
provided the polymer ejection rate is scaled with the
Reynolds number.

Earlier results concerning the increase, during polymer
ejection, of the radius of the core region of the tangential
velocity profiles situated several chords downstream the tip
have been confirmed and extended to the very near region,
within one chord from the tip. The axial velocity profiles
show the occurrence of a wake effect (velocity deficit) in the
core region for both water and polymer solution ejection.
However, the effect is larger in the latter case.

Based on the cavitation and velocity results, it appears that
jet swelling, caused by the relaxation of normal stresses
associated with the viscoelastic propesties of the polymer
solutions, is responsible of the thickening of the viscous
core which in turn is probably the unique cause of the tip
vortex cavitation inhibition.

A simple analysis showed that the velocity fluctuations, in
the case of polymer solution ejection, are essentially due to
the spatial bias associated to the finite size of the
measuring volume and the vortex wandering, and have
little, if not nothing, to do with an increase of the
background turbulence in the core region. In the case of
pure water, it appears that some limited "true” turbulent
velocity fluctuations exists in the core region besides the
apparent large contribution due to the spatial bias.
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CAVITATION SELF-OSCILLATIONS INTENSIFY TECHNOLOGICAL PROCESSES
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SUMMARY

Characteristic features are presented for high-
frequency, high-amplitude self-oscillations in a
hydraulic system with a local hydraulic resistance
of a venturi nozzle type whose physical nature is
due to a periodically - stalled cavitation (growth,
break-off, carry-over and collapse of a cavity dif-
fuser-like part). Analytical expressions are given to
determine the frequencies and amplitudes of pres-
sure oscillations occuring in the hydraulic system
with a local hydraulic resistance under realization
of the periodically- stalled cavitation regime. The
possibility to utilize cavitation self- oscillations for
various technological processes intensification is
shown. '

List of Symbols

* N
P, - total pressure at the nozzle inlet;

P - nozzle inlet pressure under steady-state condi-
tions; .

P - nozzle outlet pressure under steady-state con-
ditions;

m - mass flow rate of liquid under steady-state
conditions;

B - venturi -nozzle diffuser flare angle;

p - liquid density;

Sh,, - modified Strouhal number;

r,.- radius of the venturi - nozzle restricted sec-
tion;

M - venturi - nozzle flow coefficient;

1.4y - cavitation cavity length;

1 - cavitation criterion parameter for the steady-
state conditions, roughly equal to the pressure ratio
G=~Dp2/P1)

P.r - nozzle restricted section pressure;

f - cavitation self - oscillation frequency;

J ;- inertial resistance coefficient of the venturi -
nozzle diffuser;

V.40 - cavitation cavity volume;

¢ - sound velocity in a liquid;

U, - liquid jet velocity across the venturi - nozzle
restricted section;
F, - sectional area of the exit pipeline;

AP, - peak-to-peak amplitude of pressure oscilla-
tions;
|@2| - amplitude of pressure oscillation;

Iéf’;l - amplitude of -cavitation formation volume

oscillations;

@ - cyclic frequency.

Bar over parameters denotes steady-state condi-
tions.

For a number of years the investigations on self-
oscillation regimes in hydraulic systems with cavi-
tating local hydraulic resistances have been con-
ducted at the Institute of Technical Mechanics of
NAS of Ukraine [1-6].

In studying the cavitation phenomena in local hy-
draulic resistances liquid flow regimes have been
revealed under which in the channel of the local
hydraulic resistance of the venturi - nozzle type
large cavitation formations periodical nucleation
and their growth to certain sizes take place. On
reaching the maximum sizes in accordance with the
given flow regime the cavitation formation break-
off occurs that is followed by its further carry-over
and collapse as a whole in a pressure zone that
involves a pressure pulse in the flow. A flow regime
of this kind has been called by us a “periodically
stalled” cavitation regime [1,2].

The distinguishing feature of such a regime is that
the large cavitation formations collapse does not
take place on the channel wall, but in the liquid
flow, and the process of cavity nucleation, break-
off, carry-over and collapse is strictly periodical.
Fig. 1 shows the cinematographic records of the
process of the large cavitation formations nuclea-
tion, growth to certain sizes, break-off, carry-over
and collapse that occurs in the flow passage of the

- local hydraulic resistance of the venturi - nozze type

at various cavitation parameter values [3,5].

Fig. 2, e.g., presents the oscillogram of pressure
self- oscillations in the liquid flow past this resis-
tance due to cavitation formations collapse. The
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Fig. 1 Cinematographic records of the inception,

growth to some sizes, break-off, carry-over

and collapse of large cavitation formations
that originate in flow passage of local
hydraulic resistance of venturi-nozzle type
under constant pressure at the inlet and
different values of the cavitation parameter 1.
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Fig. 2 Oscillogram of pressure in llquld flow past
local hydraulic resistance of a venturi-nozzle
type that is due to the collapse of large cavi-
tation formation, where: p; - is the pressure

at the hydraulic resistance inlet; p,, - is the
pressure in restricted section of the hydraulic
resistance, p,; Dp- is the pressure at the
hydroresistance outlet.

oscillation frequency is determined both by the

channel geometry [4] and flow parameters and may
be assigned in a range of 100 - 2000 Hz.

As an example, in Fig.3 the oscillation freqﬁency
versus the pressure ratio P, / P;in the hydraulic
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Fig. 3 Frequency dependencies of the pressure ra-
tios Py / P; in the hydraulic system with

o

the venturi-nozzle at various pressures P,
at the nozzle inlet: O - p; = 1,0 MPa; A-
P1= 2,0 MPa; O - p;= 3,0 MPa; ¢ -
Py =4,0 MPa; V - p, =5,0 MPa.

system with the venturi - nozzle at various nozzle
inlet pressures p; is shown. It follows from this
figure that at a constant nozzle inlet pressure prac-
tically linear frequency dependences on the pressure
ratio p, / p; are obtained, in this case the fre-

quency increases with the increase of the p, / P,

value. Besides, at a constand value of P, / p; the

oscillation frequency increases with the increase of
the nozzle inlet pressure. The peak-to-peak ampli-
tude dependences on the pressure ratio p, / Py at

a constant venturi - nozzle inlet pressure p; are
nonlinear and have the maximum at p, / p;~0,3.
At constant values of P, / p; with the increase in
the venturi - nozzle inlet pressure p; the peak-to-

peak amplitude of oscillations increases too (see
fig.4).

Formula is obtained for determining the frequency
of high-frequency cavitation self-oscillations on
geometrical and regime parameters of the local
hydraulic resistance of the venturi-nozzle type [6].
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Fig. 4 Peak-to-peak amplitude dependencies of
pressure ratios p, / P; in the hydraulic sys-
tem with the venturi-nozzle at various nozzle
inlet pressures where: O — p; = 1,0 MPa;
A- p;=2,0MPa; 0 - p;=3,0MPa; 0 -
P1=4,0 MPa; V - p; =5,0 MPa.
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This formula with due regard for an experimentally
obtained Strouhal number dependence on the cavi-
tation parameter provides a satisfactory agreement
of predicted and experimentally obtained frequency
dependences in a Venturi-nozzle diffuser angles
range from 16 to 120°.

The formula for estimating the peak amplitudes of
high-frequency cavitation self-oscillatins in the
local hydraulic resistance is obtained in the form :

J.
|6po|__ = po?(27) ShE, x 4 x
y ., @) ediE
lfav 2
X IWCGUI (2)

l?au

This formula gives an acceptable agreement be-
tween predicted and experimentally measured am-
plitudes of pressure oscillations at the outlet of the
venturi-nozzle type local hydroresistance in a dif-
fuser angles range of 16-30°.

The peak-to-peak amplitude of oscillations at the
prescribed geometrical values of the venturi-nozzle
channel is determined on flow parameters but its
maximum value (if .common water is used as a
working fluid) exceeds the steady-state pressure

32-3

value at the channel inlet by factor 1,5-5,0. Peak
pressure values at the local hydraulic resistance exit
at oscillations of an impact character maintain their
values downstream at up to several meters distance
practically without damping. Upstream of a special
geometry channel the oscillations do not propagate.
It allows oscillations of certain frequency and am-
plitude to be superimposed on the liquid flow or to
transform a steady liquid flow into a pulsating one.
This has resulted in developing a cavitation genera-
tor of high-frequency, high-amplitude liquid pres-
sure oscillations without rotating and moving parts.
The cavitation generator permitting to transform a
steady-state liquid flow into a pulsating one has
been used in developing a device for hydraulic hot
fire-scale cleaning with pulsating water jets. A
schematic of the scale cleaning device collector is
shown in Fig.5. Pulsating jets application has al-
lowed to decrease metal spoilage caused by fire-
scale pressing-in by factor 2-5.

‘!&“‘;:::::;:::tﬁ;g;:;\\ \,,,I
- — —1+§

Fig. 5 Schematic of the collector of the hydraulic
fire-scale cleaning device using pulsating jets:
1 - cavitation generator; 2 — collector; 3 —
nozzles; 4 - filter.

The “periodically-stalled” cavitation regime has
been utilized in developing a drilling hydrovibrator
to superimpose axial vibrational accelerations on
the rock cutting tool ( diamond crowns, hard-alloy
rock rollers) in the rotary drilling of 76 mm-
diameter boreholes in medium-hard and hard rocks
of IV-XII drillability category accompanied by face
cleaning with flushing fluid. A schematic of the
drilling tool with the drilling hydrovxbrator is pre-
sented in Fig.6.

Fig. 6 Schematic of the drilling tool with drilling
hydrovibrator: 1 — drill pipe string; 2, 4 - re-
ducers; 3 — hydrovibrator; 5 — core barrel; 6 —
diamond crown.

In this case vibrational accelerations have been
obtained on the rock cutting tool with the ampli-
tude not less than 2000 m/s? in a frequency range
from 300 to 2000 Hz at the expense of flushing fluid
energy. The hydrovibrator application enables :
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- to increase a drilling rate in medium-hard and
hard rocks by factor 1,5-5,0 as compared to a ro-
tary drilling with diamond and hard-alloy tools;

- increase more than twice rock cutting tool dura-
bility;

- increase core output percent in fractured rock;

- decrease drilling power consumption.

The absence of moving parts is responsible for the
hydrovibrator's high reliability and ease of opera-
tion.

At our Institute a hydrodynamic cavitation plant
for dispersing the pastes of aqueous dispersion
paints has been developed , manufactured and suc-
cessfully tested whose schematic representation is
shown in Fig.7. As compared to existing similar
purpose devices the stated plant is noted for:

- low specific current consumption;

- simple design;

- servicing ease;

- small mass and overall dimensions;

- insignificant operating costs;

- applicability to existing production lines for dis-
persing suspensions.

Technical Data:

- output, max, kg/h - 15000;

- specific current consumption, kW/kg - 2x10-3;
- overall dimensions, m - 3,7x2,6x2,2;

- mass, kg, max 3000

Fig. 7 Schematic of the hydrodynamic cavitation
plant for dispersing the pastes of aqueous —
dispersion paints: VNI - VN8 — valves; L -
trap; P - pump; CC - 6control cabinet; MN
- MN3 — manometers; MS1 - MS3 - membrane
separator; PD - powder dispenser; F - filter, D -
damper.

It should be noted that novel original designs util-
ized by us in the developed plant are fit for head-
and mass interchange processes intensification,
production of finely dispersed emulsions and sus-
pensions and may be used as well in food-stuff
production practice, in chemical, wood-pulp and
paper industries, for preparing drilling fluids, in-
creasing the convective heat exchange in a shell-
and-tube heat exchanger, washing the process pipe-
lines etc.

A hydrodynamic device for increasing the efficiency
of water well development and recovering has been
created. The device is designed on the original prin-
cipal of liquid pressure pulses action on water-
bearing horizon.

Technical Data:

- diameter of the mechanically treated well, inch - 4
and more;

- pulse frequency, Hz, within the range — 100 -
2000.

Time of well mechanical treatment, h:

- using an independent pump — 4 -8;

- using an immersion pump - 200.

Increase of specific yield, percents — 50 —-120.

The device may be employed for wells of any depth
in any hydrogeological conditions with and without
a filter. We consider this device to be applicable for
raising the oil and gas pools yield too.

Thus, our investigations show that cavitation re-
gimes of liquid flows in local hydroresistances may
be used for practical purposes to intensify diverse
technological processes.
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Control of Cavity Parameters

at Supercavitating Flow
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1. SUMMARY

Some methods of control of fully developed cav-
ity parameters by varying geometrical characteris-
tics of a cavitating body are considered. Results of
experimental investigations of cavitators with vari-
able frontal drag and constant edge of free stream-
line separation and also some types of nonsymmet-
rical cavitators are presented. The possibility and
a number of features of the fully developed cav-
ity control independently on the cavitation number
and cavitation regime (vapor or gas) are shown.

2. INTRODUCTION

First of all, the possibility of supercavity control is
of interest from point of view of the optimal flow
regime maintenance for unsteady conditions: at
changes of mainstream velocity or depth, abrupt
difference of the external pressure value etc. For
ventilated supercavities, at relatively moderate mo-
tion velocities the main cavity characteristics (the
cavitation number, cross dimensions and length of
a cavity) depend on the rate of gas, which is being
blown to a cavity. Therefore, for such cavities the
supply rate regulation may be considered as one of
possible methods of the cavity control. The physi-
cal side of the processes in ventilated supercavities
and quantitative dependences for basis parameters
of such flows have been studied enough in detail [1,
2, 3] for conditions of steady flow regimes.

At the same time, performed experiments have
shown that the supply value regulation as a method
of the cavity control has very low speed even in
the simplest case of a cavity past a disk cavita-
tor [4]. Some characteristic results of these exper-
iments are presented in Fig. 1. The typical graph
of the cavity length increase after the supply begin-
ning {Fig. 1,a) and the dependence of the maximal
speed of the cavity length increase Vemaz = -'-/‘g,n:*
and the relative value of the cavity formation pe-
riod {; = EtJ: on a value of the supply rate coefficient

Q, = VO%T (Fig. 1,b} are shown. Here, we desig-
nated: Vp is the mainstream velocity; D, is the
cavitator diameter; L, is the cavity length; ¢ is the

time; V, = %I—;-‘ is the speed of the cavity length in-
crease; Qg is the blown gas rate; ¢; is the complete
time of the cavity formation; {, = %: 1s the time
for passing by cavitator the distance L.. It is seen
from graphs that maximal values of speed of the
cavily length increase is lower than the velocity of
the cavitator motion in stream greater than by an

order. Moreover, in the case of presence of a body

moving in a cavity past a cavitator the cavity for-
mation process becomes considerably complicated.
The cavity control by the gas blowing is impossible
at motion velocity increase and approximation to
the vapor cavitation regime.

We have applied another approach to the problem
on control of the supercavity parameters. The basis
supercavity dimensions - the mid-section diameter
D, and length L. - are determined with enough
accuracy by asymptotic relations [1, 5]

D. _ [ewo(l+o) L. 1 1
5:_”_———_0 D, = o c,,o(1+a)lno,

where 0 = pLQ,?/% is the cavitation number; po
n p. are the pressures, respectively, in the free
stream and in the cavity; p is the fluid density;
Co = 1—35, Ccx = W)‘%ﬁ‘f is the cavitator drag co-
efficient; X is the frontal cavitator drag; S, is the
area bounded by line of free streamline separation
on a cavitator. An analysis of these relations shows
a possibility in principle of control .of the cross di-
mension and length of a cavity by means of the
control parameter c;y at saving the constant cavi-
tator diameter D, [6].

The scheme of realization of such method of the
cavity control is given in Fig. 2 in the most gen-
eral view. The cavitator represents a solid body 1
with fixed edge 2 of the free streamline separation
and variable geometry of the streamlined surface
located in front of this edge. The variation of the
cavitator drag coefficient and, hence, values of the
frontal hydrodynamic drag, cavity length and di-
ameter are attained by means of changing, for ex-
ample, the height A of its streamlined profile-at sav-
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ing the constant cavitator diameter D,,. Using the
one-valued behaviour of dépendences X (h); L.(h)
and D.(h) at the constant cavitation number, we
have a possibility to vary the cavity characteristics
by varying one parameter. The supercavity control
possibility due to these cavitators was experimen-
tally investigated in the hydrodynamic laboratory
of the THM.

3. HARDWARE AND METHODS TO
CARRY OUT THE EXPERIMENTS

The experiments were carried out using the cavi-
tators of enough rigid structure ensuring the one-
valued check of the streamlined surface geometry.
The scheme variants of the cavitators with variable
drag are shown in Fig. 3. The applied cavitators
have combined design including the outer body 1
with sharp frontal edge having the diameter D,
and the central element 2 with the same diameter
located in tne outer body. Variation of the stream-
lined surface geometry and, as a result, the cavita-
tor drag at its constant diameter was realized by
changing relative positions of the body 1 and the
central element 2. Bodies of revolutions of various
types can serve as a central element for considered
cavitators. This has certain applied significance.
For example, the type of cavitators shown in Fig.

3,a with central element close to a paraboloid of -

revolution assumes using the frontal surface to lo-
cate devices, which are not functionally connected
with cavitator, so as the axial water inlet, sensors
etc.

The experiments with pointed cavitators were car-
ried out in the small hydrodynamic tunnel having
glass working section with dimension 0.34 x 0.34
x 2.0 m at constant mainstream velocity Vo = 8.9
m/s. The tested cavitators were fixed along the
stream axis, the supercavity was created by air-
supply to the zone past the cavitator. The scheme
of experiment in the working part of the hydro-
dynamic tunnel is presented in Fig. 4. The pho-
tographs of the nose of cavities past the cavitators
of pointed types are shown in Fig. 5.

The cavitator having variable drag and a cone-
shaped central element shown in sketch (Fig. 3, b)
has been chosen for systematic experimental inves-
tigations. Results of these researches are submitted
below. In this case the choose of the central body
shape is due to that the hydrodynamic characteris-
tics of cones was enough well studied at cavitation
flow around them [1, 2, 7]. Since, the drag coeffi-
cient of this cavitator definitively depends on the
“value z of displacement of the central element 2
relatively to frontal sharp edge of the body 1, then
the pointed linear parameter z will be named as a
working stroke of the cavitator with variable drag.
The photographs of the cavitator applied in the ex-

periments with diameter D,, = 20 mm are shown in
Fig. 6 at two extreme positious of the conic central
element relatively to the body.

The quantitative characteristics of the cavitators
were measured for four values of a cone angle of the
central element : 28 = 60°;90°;120°;180° (disk).
According to a dependence Cj, (28) adduced in
Fig. 7 the range of the drag coefficient variation
for the pointed cones is C;, = 0.34 = 0.82 at the
zero cavitation number [2]. During experiments the
cavity parameters L. and D, and the frontal drag
value X of the cavitator as a function of the value z
of its working stroke were being measured by means
of photoregisration and tensometer for the pointed
values of cone angles. To ensure a comparison of re-
sults these measurements were executed for steady
cavities at constant values of the cavitation num-

ber.

Moreover, the experiments on study of nonstation-
ary supercavities were carried out. Their purpose
was to determine the speed of the cavity control
by means of the considered cavitators. The ex-
periments with cavities past flat cavitators having
shape differing from circular one were performed
too.

4. RESULTS OF EXPERIMENTS

Variation of the cavitator drag coefficient C, de-
pending on a cone angle of the central element and
the working stroke value z is shown in Fig. 8 by ex-
perimental graphs C;/Cr4(z/Dp) u Cz/Cra(z/h).
They characterize a possibility of the frontal drag
control by means of the given cavitators (here, Crq4
is the drag coefficient for disk). Graphs show that
both the range of the drag coefficient regulation
and the cavitator working stroke value increase at
decrease of a cone angle of the central element (Fig.
8,a). The lower limit of this range corresponds
to z/D, = 0 and is defined by value C; for ap-
propriate cone. The upper limit of regulation of
C: does not depend on the central element shape
and is reached when the working stroke value z is
close to the profile height h of the central element,
that is z/h > 0.9 for all cones (see Fig. 8, b). In

this case the limit value for ratio (-g:;) ~ 1.17

is reached. From here, we obtain the ﬁ;rfit value
of the drag coefficient C;, >~ 0.96 for cavitators
of considered type with account that for disk at
26 = 180° C;, ~ 0.82. Thus, for cone angle of the
central element, for example, 2@ = 60°, we obtain
almost triple change of the cavitator drag coeffi-
cient in limits of the working stroke value.

The stated above is confirméd by experimental
graphs of dependence 'of the supercavity length
and diameter on the relative value of the cavitator

working stroke £ at the constant cavitation num-



ber (Fig. 9,a,b). We can see also from these graphs
that the effective range of the cavitator working
stroke is £ = 0+ 0.9.

The control of steady supercavity dimensions due
to varying the cavitator drag is illustrated by pho-
tographs submitted in Fig. 10. In this case we
compare the cavities obtained at equal cavitation
numbers and two limit values of the cavitator work-
ing stroke corresponding to minimal (z/h = 0) and
maximal (£ = 0.91) values of the drag coefficient
Cs.

As it was pointed, the stated results refer to steady
regimes of the supercavitating flow. The question
about the supercavity evolution speed at influence
of the control parameter C, and alsc about the
cavity deformation behaviour at unsteady regimes
due to abrupt changes of the cavitating body drag
are of interest too. It is enough obvious from gen-
eral physical concepts that the cavity shape change
should be realized with mainstream velocity in this
case. This assumption was checked in the special
experiments, where we have realized two enough
quick regimes of the frontal drag change: from
maximal value to minimal one and on the contrary,
from minimal value to maximal one.

This 1s attained by means of free motion of one
of the cavitator elements — the outer body or the
central element — about the rigidly fixed second
element in the longitudinal direction. In the initial
position the mobile element was fixed in forward (in
opposite to the mainstream) position. After that
the mobile element of the cavitator was displaced to
the extreme back position due to the velocity head
effect, and the snapshot of the cavity shape with
exposure time about ﬁ s was being realised after
given time interval ¢,,. The maximal initial value
of the frontal drag was being ensured at use of the
outer cavitator body as a mobile body. The mini-
mal initial drag of the cavitator was being ensured
at mobile central element. The drag jump value
was defined by cone angle of the central element.

The scheme of the experiment is presented in Fig.
11. The behaviour of changing C; and L. for time
at abrupt drag reduction (Fig. 11, a) and also the
scheme of the longitudinal cavity deformation reg-
istration AL, for time t,, (Fig. 11, b) are shown
there. The initial steady cavity is plotted by dot-
ted line. Measurement of the photographs confirms
that the cavity change as a result of the cavitating
body drag change happens with the mainstream
velocity, i. e. & = |,

ten

The supercavity transformation behaviour for time

is illustrated by photographs in Figs. 12, 13 and

14 at processes described above. Three qualita-
tively various types of the unsteady supercavity
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deformations are presented there. The presented
photograph selections are not cinegrams {(sequen-
tial frames), but are only registration of typical
phases of the considered processes.

The sequential stages of the unsteady cavity de-
formation due to quick reduction of the cavita-
tor drag are presented in Fig. 12 at a moderate
value of the drag difference AC:. In this case the
well expressed boundary between the initial cavity
and new formed cavity contours is observed. This
boundary in the form of a ring wave moves with
mainstream velocity along the cavity without its
discontinuity.

The stages of analogous process realized for more
abrupt form are shown in Fig. 13. This is attained
by means of both the increase of the value AC;
difference and ‘the higher speed of this process. In
this case we obtain the unsteady regime, when the
cavity transformation is accompanied by disconti-
nuity between the new formed and initial parts of
the cavity.

In contrast to the stated ‘above the unsteady cav-
ity transformation process stipulated by abrupt in-
crease of the cavitator drag is going on in relatively
smoothed form without sharply expressed bound-
ary between the initial and new formed parts of the
cavity (Fig. 14).

" We should note also that at all the considered un-

steady regimes the supercavity ( or its parts as in
Fig. 13) saves a smooth surface due to preservation
of the constant edge of free streamline separation
at the cavitator drag change.

The analysis of obtained results shows a possibility
of simulation of the unsteady cavitation processes
by means of the control of the cavitating body drag.
In this way, for example, in the conditions of in-
verted motion the simulation of the unsteady cavi-
tation flow processes stipulated by variation of the
velocity and depth of ‘the cavitating body motion
is possible at constant mainstream velocity. Then,
the unsteady regimes stipulated by the cavitator
drag C;(t) reduction correspond to the motion ve-
locity Vp reduction in noninverted motion and, on
the contrary, the motion with increasing velocity is
simulated by increase of the drag Cz(t). According
to this we note that a qualitative analogy of the
unsteady cavity shapes presented in Fig. 12, 13, 14
and cavities registered at water dive of bodies with
abrupt change of the velocity along the trajectory
is observed [8]. The cavity smooth surface preser-
vation for all the control regimes is also an essential
property for practical appiications. This is stipu-
lated by constancy of the free streamline separation
line of the cavitating body.

The question about possibility of control of the
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shape of cavity cross sections by changing the shape
of the cavitating edge in the plane, which is per-
pendicular to the flow axis, is of certain interest
from point of view of the general problem on con-
trol of the supercavity parameters. We have car-
ried out experiments on study of geometry of the
steady cavities past flat cavitators having the cav-
itating edge shapes differing critically from circu-
lar one: rectangles with different side ratio, rhom-
buses, disks with local protrusions and hollows etc.
The experiments were carried out at small hydro-
dynamic tunnel of the IHM at the mainstream ve-
locity Vo = 8.9 m/s. Cavities have been pho-
tographed in two planes. The evolution of cross
section shape along the cavity length has been stud-
ied by using results of measurement of the cavity
contour projections. Some characteristic results of
these experiments are submitted in Figs. 15 and
16.

Photographs of two projections of cavities past
cavitator having shape of an elongated rectangle
with side ratio 1 : 6 are presented in Fig. 15
at ¢ = 0.0364, Frqy = 24.2 and various cavita-
tor orientations in the stream: with vertical (a)
and horizontal (b) position of the long side. Here,
Fry= 7‘%—“—, d, is the diameter of a disk equivalent

in area. It is well seen from photographs that the
intensive cavity expansion happens directly past
the cavitator in the plane, which is parallel to its
short side. At the same time the cavity cross di-
mensions are changed considerably weaker in the
plane, which is parrale!l to the long side. Graphs of
changing the section aspect ratio A = -g—t of these
cavities along the length are giver in Fig. 16. Here,
D and D, are the cavity cross dimensions in the
planes, which are parallel to long and short sides
of the cavitator, respectively. Graphs in Fig. 16,a
show that the cavity section shape intensively tends
to circular one just past the cavitator and trans-
forms into circular in the part of cavity in front of
its mid-section. Behind the mid-section the cavity
sections transform in different way in dependence
on the cavitator orientation. This is a result of the
gravity influence. The graph of dependence A(Z)
at Fr = oo obtained by means of processing the
same experimental data by approximate methods
[9] is presented in Fig. 16,b. The obtained graph
illustrates the process of the cavity section reorien-
tation about the cavitating body position without
distortions caused by gravity influence.

The experiments permit also to detect some fea-
tures of the cavity section formation due to specific
configuration of local parts of the cavitating edge
of a nozzle (protrusions, hollows etc.). As in the
above considered case the cavity repeats the nozzle
shape only on the very small distance from it. The
cavity section deformation along the length is not

reduced to the smoothing the initial perturbations
and has a more complex behaviour. Local features
of the cavitator contour, as sharp angles or hollows,
cause to formations with opposite sign on the cav-
ity surface, i.e., a longitudinal hollow arises past
a sharp protrusion of the cavitator on the small
distance from it, and a hollow presence on the cav-
itator creates longitudinal protruding crest on the
cavity surface. These formations are stable along
the length and give the complex shape, which con-
sists of parts with alternating curvature, to the cav-
ity sectlons.

5. CONCLUSIONS

The possibility of control of the supercavity param-
eters by varying the drag coefficient of the cavitat-
ing body at preservation of the constant cavitating
edge has been experimentally shown. The obtained
results have shown the real possibility to realize
control for wide range of variation of the cavitator
drag coefficients and the cavity length and cross di-
mension dependent on it. The considered approach
has the advantage permiting the cavity control to
realize indeperidently on the cavitation number ot
regimes (vapor or gas). It is shown that the vari-
ation of the cavity shape and dimensions happens
with mainstream velocity. This is maximal possible
velocity for the cavity control. It is essential also
that the cavity control method by means of cavi-
tators having the variable drag may be applied to
simulate the unsteady cavitation processes in the
inverted motion conditions at the constant main-
stream velocity. The cavity free surface remains
always smooth due to saving the constant separa-
tion line of free streamlines of the cavitating body
at all the control regimes.

The experiments have shown the limit of possibili-
ties to influence on a shape of the cavity cross sec-
tions by changing the cavitating body edge shape
in view of a complexity of processes of the cavity
section transformation past noncircular cavitators.
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Fig.3. Schemes of cavitators with variable drag.

Fig. 4. Scheme of the experiment in the working section of the hydrodynamic tunnel.



33-7

Fig. 5. Photographs of the nose of cavities past cavitators with variable drag.
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Fig. 15. Photographs of cavities past the rectangular cavitator with side ratio 1 : 6 at

o = 0,0364, Fry = 24,2 and various orientation of cavitator in the stream.
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HIGH SPEED BODY MOTION AND SOUND GENERATION
Victor T. GRINCHENKO

Institute of Hydromechanics National Academy of Sciences
8/4 Zhelyabov Str., 252057 Kyiv, Ukraine

SUMMARY

The accurate prediction of the sound field gener-
ated by moving in water bodies is important to con-
trol sources and reduce noise. Measurement and pro-
cessing of hydrodynamic noise can give important in-
formation about structure of flow around body. One
‘important feature of high speed flows around bodies
is the presence of cavitation. An accurate simulation
of the flow field past cavitation body is the first req-
uisite in the computation of the radiated noise. The
available models of flows that describe the cavitation
flows do not give adequate picture of the flow in all
domain. So the data on noise in cavitation flows are
based on experimental measurement. Some such ex-
periments are discussed in the article. The estima-
tion of acoustic efficiency of different kinds of flows
is presented. Analysis of experimental data provides
estimation of Struchal numbers in flows with different
cavitation number.

I. INTRODUCTION

The sound field is one of a number of disturbances
arising from a moving in fluid body. This specific
disturbance can be detected at a great distance. Al-
though only very small part of kinetic energy of the
moving body transforms to sound the study of char-
acteristics of the sound is practically important. The
problem of sound radiation by moving body in a fluid
has received attention for a long time [1]. The gen-
eral case of motion in ideal compressible fluid of both
rigid and compliant bodies has a simple integral de-
scription by the Kirchhoff’s formula [2]. But some
important features of the fluid-body interaction can
not be considered in the scope of ideal fluid models.

We consider the problem of sound radiation by a
body moving at a high speed. Taking into account
the acoustical aspect of the problem it is not possible
to determine uniquely specific feature of high speed
body motion. The structure of the flow past body
is strictly dependent on form of the body. The main
interest in the article is concentraded on sharp-edged
bluff bodies. For such kind of bodies one can say that
high velocity motion in water is certain to create the
cavity in the wake of the bodies. It is a flow with free
boundaries {3].

Cavitating flow has been studied quite extensively
in the past in the Institute of Hydromechanics of the
National Academy of Sciences of Ukraine [3, 4]. Now
the interest to the problem has quickened in con-
nection with possibility to achieve the body veloc-
ity close sound speed in water in so-called supercav-
itation regime [5]. Hydrodynamic characteristics of
body moving in cavitation regime are estimated, as
a rule, in scope of the model of ideal incompress-
ible fluid. Taking into account the compessibility of
fluid results only in insignificant effect on geometrical
and force characteristics of flow up to Max number
of M =0.7[5).

It is essential to notice that all approaches to
model description of cavitation flows are founded on
a very crude model of flow in closure region of cavity.
The structure of the flow in this small domain can
be unimportant with respect to integral force charac-
teristics but be very important with respect to sound
generation process. Up to now no clear-cut physical
model of the flow in this domain exists. This does not
allow to develop a mathematical model to calculate
characteristics of sound and efficiency of radiation.
Because of this a knowledge about sound radiation in
cavitation flow is based on qualitative description of
the flow in closure region and on experimental data.

II. SOUND GENERATION BY RIGID BODY

Preparatory to consider some data for sound gen-
eration in cavitation flows we will first discuss the
views of the process in flow without cavitation. The
prediction of flow-induced noise is based on the
Lighthill’s acoustic analogy [6] and extension of that
on rigid body motion case by Curle [7]. A general
analysis of this problem, starting from first princi-
ples, is hardly possible, and in this phase of the study
we must rely on experimental data relating the inter-
action forces to parameters describing the flow field
and the body. The first data of the direct numerical
estimation of noise using acoustic analogy (8] are also
very important.

The structure of the flows past rigid bodies is
mostly determined by the Reynolds number R = _t{yg,
where D,V, and v denote the freestream velocity,
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characteristic dimension of the body, and kinematic
viscosity of the fluid.

For sufficiently small Reynolds numbers, as in
many problems of sound radiation in hydroacoustics,
the sound radiation is the most important mecha-
nism of vibration damping. The viscous drag is small
and proportional to relative velocity. As the relative
speed increases the other mechanisms of dissipation
become important.

For Reynolds numbers within the boundaries
(300 < R < 10%) strong periodic components of the
fluid motion in the wake can be seen. For example,
in the wake behind a cylinder a set of vortices is shad
off the cylinder surface forming the Karman vortex
street. The formation of vortex set produces a peri-
odic oscillatory transverce momentum component of
the fluid motion in the vicinity of the cylinder. As a
result a sound field is produced equivalent to that of
an oscillatory volume force acting on the fluid.

The radiated sound spectrum has a peak at fre-
quency f given by

Stv
f==5 (1)
where D is diameter of cylinder and St is Strouchal
number. Experimentally, the Strouchal number is ap-
proximately constant (St ~ 0.2) over the mentioned
range of Reynolds numbers.
The magnitude of the transverce force per unit
length of the cylinder can be estimated by

F=p2—"D 2)

where f is an empirical coefficient and p is density of
the fluid. As a mean value of this coefficient one can
use § ~ 1. The characteristic wavelength of radiated
sound for frequency in (1) is

c

A~b5D v (3)

where ¢ is sound velocity in the fluid. It may be con-

cluded that even for M = 1 the diameter is small with

regard to wavelength. The correlation length of the

vortices A is typically three or four times the diame-

ter and can be considered as a value small relative to

wavelength. Thus for M < 1 the sound radiated by

length A of the cylinder is the same as that produced
by point force '

2 .
Fe= ﬂ£-2v—DA exp~iZt/t (4)
The corresponding sound field is the sound field

of a moving dipole and is given in [10]. For relatively
small Mach number emitted power is

g v3
W, ~ ESt’ﬂ’%—-A’M" (5)
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Figure 1:

It is natural to compare this acoustic power with the
total flow-energy loss from drag force on the cylinder.
Taking into account some empirical relation one can
get

pVe

The coefficient of acoustic efficiency of the system 5
can be determined as

_Wa sA
1= g = 00IM° )

It may be concluded that the source under consider-
ation is not efficient.

The sound field that we have just discussed cor-
responds only to the fluid motion near the cylinder
boundary. Some acoustic radiation will be a result
of interaction of coherent structures in wake of the
cylinder. The estimation of efficiency of such type of
sources can be obtained from numerical data for a
set of vortices. The coefficient of acoustic efficiency
can be given in the form 7,4 = aM3. The value of
the coefficient a as the function of ratio of vorticity
is shown in Fig. 1. The solid line corresponds to set
of two point vortexes. Taking into account finite di-
mension of vortex kernel can produce some increase of
radiated sound (dashed line). The flow in the wake of
the cylinder has a more complicated structure. But
some times interaction of a set of sources does not
produce more intensive sound. One can see that in-
teraction of coherent structures does not produce in-
tensive sound. In the case under consideration the
dipole sources are more important. Such conclusion
is in good agreement with the results of direct numer-
ical implementation of the Lighthill’s analogy equa-
tion [11].

Both presented estimations contain Mach number
as more important characteristic of the flows. That




estimations are correct only under the condition that
Mach number is small. It is not essential restriction
for many practical problems because the discussed
results are applicable up to M ~ 0.3. When M
increases the structure of the flow can change suffi-
ciently . Cavitating flow around body can define spe-
cific structure of wake and formation of new sources
of sound.

III. SCHEMES OF CAVITATION FLOWS

We have just considered the estimation of sound
radiation by separate flow past cylinder. For many
other bodies the picture of the flow will be the same
in a qualitative sence. When velocity of the flow
increases its structure can differ substantially from
those considered earlier. In the flow past bodies the
cavitation nucleus can originate.The cavitation num-

ber 2 )
Poo — Dc
— e 8

Vi (8)

is an important parameter to characterize the flow.

In general several stages of cavitation flows are
distinguished. After the bubble and cavitation vor-
tex form, the stationary cavity related with body is
generated as the cavity number decreases. The bub-
ble cavitation has been, for several decades, a subject
of considerable interest of both hydrodynamics and
acoustics. Even though the study of dynamics of a
single bubble isolated in a liquid is a difficult prob-
lem [14]. Many important quantitative characteris-
tics of cavitation motion, including acoustical ones,
have been found experimentally. Here we will dis-
cuss only some acoustical data for moving body with
stable cavity.

Many hydrodynamic aspects of flows with stable
cavity can be understood and described quantita-
tively in scope of the model of ideal incompressible
fluid. To study the acoustical phenomena in hydrody-
namic flow it is necessary to know the source function
in wave equation [9]. Existing models of cavitation
flows do not give an appropriate basis for develop-
ment of corresponding acoustical model. There are
three schemes of closure of the cavitating motion {11}.
The schemes are shown in Fig. 2. One can see there
three different approaches to solution of the prob-
lem of cavity closure. The structure of flows accord-
ing to these schemes in closure region is completely
different. The hydrodynamic problem is solved in
the scope of the hypothesis -that disturbances near
* the ends of the cavities do not affect the flow struc-
ture near leading edges. The assumption is natural
in scope of the ideal incompressible fluid model but
it does not give a foundation to develop a sound field
estimation algorithm. . T

The influence of compressibility on characteristics
of cavitating motion is very small as far as M ~ |

g=
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[5]. At the same time the compressibility effects are
the determining factor with respect to acoustical as-
pects of the cavitation motion. The fact that the
compressibility properties have slight influence on hy-
drodynamic characteristics of cavitating motion gives
a ground for important qualitative conclusion. One
can say that cavitation motion also forms very weak
mechanism for transformation of energy of the flow
into energy of sound waves. And yet if the notice-
able discrepancies in 3-4% between compressible and
incompressible solutions [5) were related with sound
production the source would be much more effective
than the cylinder in separated flow.

IV. ANALYSIS OF EXPERIMENTAL DATA

At the very beginning of the development of cav-
ity in flow past body one can not see a great change
in acoustical properties of the flow. The support for
such conclusion gives the analysis of the experimental

_data [15]. The authors present the experimental re-

sult for the cavitation number ¢ in the range from 5
to 15. The cross flow past equilateral triangle prisms
was studied. Measurement of pressure pulsation in
wake gives the funciions 'St = f(o). The functions
for different positions of prism with respect to filling
flow direction are presented in Fig. 3. One can see
that Strouchal number is practically identical to that
for cylinder in section I. It is reasonable to suppose
that action of the bodies on the flow will be simi-
lar to concentrated oscillating force. The typical [15] -
power spectrum of pressure fluctuation for ¢ = 8.58

_is-shown in Fig. 4. The dominant frequency .of the .
radiation is close to 50H 2, A = 30m so the source re-

gion can be considered as compact. The authors [15]
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noticed that at very low cavitation number the spec-
tra do not indicate a clear dominant frequency. In
light of concrete experimental data the question calls
for further investigation. From the data (15} it is clear
that region with o < 5 is interesting for discussion.

The early observations of the cavitation phenom-
ena have been performed for many decades ago. A re-
view of the first facts was given by Epshtain L.A. {12].
He also performed first experimental observations of
acoustical phenomena in cavitation flows in region of
relatively small cavitation numbers. The first things
to note in the cases of ship screw cavitation are that
strong vibrations are arising. One can say that some
effective mechanisms of transformation of flow energy
into sound and vibration energy are created.

The experimental investigation [12] of sound ra-
diation by cavitation was carried out in cavitation
water tunnel. The circular cylinder of diameter D =
10mm formed the basic test body. The character-
istics of sound were measured in air at the distance
of 0.2m from the test section. The initial data and
some results of measurements are presented in Table
1. The table contains data for several important pa-
rameters of the experiments. One can see there data
for velocity and pressure of the approaching flow. It is
interesting to consider the acoustical characteristics.
The Strouchal number is calculated with respect to
diameter of cylinder.

quency of the fundamental mode on cavitation num-
ber does not have any explanation. Importance of
resonance effects in the sound radiation by the single
vortex was noted in [13]. Here the resonance frequen-
cies of the cavity were identified in the experimental
noise spectra. The author notes very strong depen-
dence of the main radiating frequency on cavitation
number. He explains the dependence as a result of
effective excitation of different modes. One can say
that a source of monopole type was created in flow
and that produced sound was a result of forced os-
cillation of the cavity. The type of radiating mode
can be strongly dependent on disturbances in coming
flow.

The important characteristic of periodical struc-
ture of the flows is the Strouchal number. For the
supercavitation motions the number strongly depen-
dends on cavitation number. The corresponding ex-
perimental data are presented in Fig. 5. Here the
triangles show the experimental measurements. The
last can be rather accurately approximated by the
linear function St = 1200.

The mechanism of initiation of the forced oscilla-
tion may be connected with dynamical behavior of
the cavities in flow. Despite lack of adequate models
of the flow in closure region the experimental observa-
tion clearly shows an existence of a periodical process
in change of cavity volume. Figures 6 and 7 display
the character of flow in closure region of cavities for
two different types of motion. The periodic character
of the wake structure is obvious.

The presented pictures show that new important
source of sound is in the wakes of cavitating motion.
It is the-sequence of bubbles. The single bubble is a




very effective source of sound. The collapse of single
bubbles produces strong sound [13] with efficiency
coefficient n & 0.3. But experimental data for bubble
cavitation show that the value of this coefficient is
only n & 3.1073. Thus the difference is 20dB. The
physical reason is that interaction in bubble ensemble
is a governing factor.

The bubble cavitation is also characterized by spe-
cific spectra of the radiated sound [13]. The spectra
does not contain any strong separated frequencies. So
there is no basis to consider the experimental data in
table 1 as a result of bubble cavitation. The existence
of some strong periodic regimes in cavity oscillation
is predicted in scope of theory of auto-oscillation [16).
The author considered different kinds of cavities. It is
interesting that existing strong periodic regimes are
typical for natural vapor cavity.

To this point the cavity near moving body has
been considered as a source of sound. It is interesting
to consider the cavity near body as the element of a
mechanism to control sound radiation. In Fig. 8§
a test equipment is presented. At the top of part
1 a hydrophone is situated. In region 4 there is a
sound radiator. The signals from hydrophone were
considered for two cases. First the equipment was
put in flow without cavity. ‘The flow velocity was
small to produce natural cavity. In the latter case the
artificial cavity 2 was created near the head part of
equipment. In both cases the same value of electric
voltage was used as an exciting force of the sound
radiator in region 4.

The results of sound measurement are given in
Fig. 8. The line crossing square points corresponds
to the first case. The crosses identified the line corre-
sponding to the second one. It is naturally that the
presence of cavity sufficiently change the conditions
of work for hydrofone. The nearby sources of sound
are working similar to acoustically soft surface. One
can see that cavity plays a role of such surface in very
wide frequency band. This result may be interesting
with respect to mentioned difference in the radiation
efficiency of single bubble and ensemble of bubbles.
In Fig. 8 we can see the same difference in 20 dB
between sound levels of source.

CONCLUSION

The problem of estimation of acoustical propertiés
of cavitating flow is very complicated. The lack of any
complete schemes of flow past stable cavity does not
give a way for analytical and numerical description of
the acoustical problem. Experimental data give the
basis to consider the stable cavity as a monopole type
source of sound. Such sources are more effective than
sources in flows without cavity. The cavity near body
can be used to control characteristics of hydrophons
placed at cavitation body. '
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Table 1: Experimental measurement of sound produced by cavitation flow
past rigid cylinder

pw[kg/cmzl vOO[m/sec] L[dB] , f[Hz] o St P ‘
3,31 11.7 69 650 4,80 0,555 0,048
3,24 12,3 71,5 400 4,30 0,325 0.130
3,16 12,9 94 -95¢ 3,80 0,736 0.90
3,13 13,18 90 700 3,60 0,530 0,56
3,08 13.6 86 680 3,35 0,500 0.38
3,02 14,0 73 788 3,10 0,563 0,084
3,02 14,0 73 760 3,10 0,542 0.084
3,08 13,6 85 680 3,35 0,500 0,325
3,13 13,18 92 700 3,60 0,530 0,72
3.16 12,9 96 950 3,80 0,736 1.16
3,24 12.3 78 380 4,30 0.309 0,136
3,31 11,7 61 620 4,80 0,530 0,035

Figure 6: Structure of cavitation flow after air-water boundary penetration
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ABSTRACT:

SUPERCAVITATING PROJECTILE EXPERIMENTS AT SUPERSONIC SPEEDS

Ivan, N. KIRSCHNER
Naval Undersea Warfare Center Division
Launcher and Missile Systems Department
Newport, Rhode Island 02841 U.S.A.

Selected results of research and development in the topic area of supercavitating high-speed
bodies were presented. A United States underwater speed record was set on 17 July 1997
with successful launch of a supercavitating projectile from a fully-submerged gun. The
projectile followed a stable trajectory along most of a 17-m test range before impacting the
safety containment. The gun launcher employed a conventional powder propellant, but was
fitted with a special waterproof breech and a special sealing system. The bow shocks of other
projectiles launched at supersonic speeds are clearly visible in high-speed film images
captured during the test series(see Figure 1. Figure 2 presents a composite image of a
projectile traveling at approximately 1220 mls).

This effort was sponsored by the Office of Naval Research, the Defense Advanced Research
Projects Agency, and the Naval Undersea Warfare Center (NUWC) Division Newport under
a program that has evolved since the 1980s. Under this program, the theory of high-Mach-
number underwater flows has been investigated since 1994. Ongoing research involves the
interaction between shockwaves and the cavity, along with firs-principles modeling of
projectile dynamics and stability.

The NUWC Division Newport Supercavitating High-Speed Bodies Test Range has been
designed for safely testing projectiles traveling at over 1 km/s. The launch depth is
approximately 4m. The main challenges for such experimentation are launcher alignment and
triggering of various instrumentation.

The research and development team led by NUWC Division Newport included the
participation of General Dynamics Armament Systems (the designer and fabricator of the
underwater launcher), the Army Research Laboratory, Cornell University, Tracor Systems
Engineering, and other organizations.

Future development might include tests at faster speeds over longer ranges. A more
comprehensive physics modeling capability is also being developed.

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
Back-Lit image of a projectile launched
at supersonic speeds underwater
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