A new analytical method of estimation of rigid wing characteristics during
its non-stationary movement was worked out. General mathematical
expressions were obtained for thrust, power and efficiency for rigid wing
during linear and angular oscillations of high amplitude. The phase angle
between them is considered to be arbitrary. These expressions can be
useful for estimation of thrust and power produced by the wing with the
help of simple calculation. Moreover general mathematical expressions
were converted into simple design formulas, with the help of which it is
possible to estimate thrust, power and efficiency using a simple
engineering calculator. The results of the calculations of hydrodynamic
characteristics of some wings were compared with numerical calculations
mentioned in some publications. An agreement was achieved in a wide
interval of Strouhal number. The received design formulas were used for
estimation thrust characteristics of dolphin’s fluke. Two possible models of
dolphin’s fluke flexibility were analyzed. This analytical method can be used
for calculations of ship swimming movers. The book can be useful for
engineers in ship constructing.
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Introduction

In the unsteady-state of the wing hydrodynamics the problem of
the hydrodynamic forces determination as a rule reduces to the integral
equations yet to be solved by means of numerical (more often than not)
or analytical (in specific cases) methods (Nekrasov, 1947; Sedov, 1966;
Belotserkovsky, 1958; Lighthill, 1969,1970; Wu, 1971a;1971b,1971c,
Garric, 1936).

The books of Belotserkovsky, (1958); Belotserkovsky, S.M.,
V.K., Scripatch, V.G. Tabatchnikov. (1971) and Gorelov, D.N. (2000)
describe the numerical methods for solving of singular integral

equations.
Analytical methods are of limited usefulness.

They were laid down in detail for infinite foils in linear

approximation exclusively.

In the case of the limit span the analytical solution of the problem
has been existed only for low aspect-ratio wing for very small and very
large Strouhal number exclusively. The analytical solutions are

nonexistent for large aspect-ratio flapping foils.



It is significant that even the nonlinear theory has met with only
limited success (or is not universally true) in studying of unsteady-state

of the wing hydrodynamics and the wake production.

At the same time the practical tasks of swimming and flight of the
different vehicles invite further investigations to obtain the simple
formulas to calculate the foils hydrodynamic forces. Such investigations
have been carried out first and foremost to study fish and dolphin
swimming, assessment of the propulsive characteristics of the wing

movers.

The basis for investigations are models of a rifting apart of
hydrodynamic forces into the components depending on the media
inertia and circulation component as well as linear relationship among
hydrodynamic characteristics of a wing with the use of hydrodynamic
derivative coefficients (Belotserkovsky, 1958).This method is very
perspective because the hydrodynamic derivative coefficients have been
much studied for wings of different shapes by numerical methods for the
linear setting up a problem. By this means there is a good reason to
believe that relatively simple formulas are derivable for estimations of

hydrodynamic forces and efficiency of flat and rigid foils.
Some fundamental tenets and results are shown up in this book.

Chapter 1 gives setting up a problem and design formulas have
been arrived at to calculate the flat rigid wing thrust, power, suction

force and inductive reactance. The wing oscillates in non viscous infinite



medium. Oscillation amplitudes are sufficiently large. Pitch-axes
positions and phase angle between heave and pitch oscillations are
arbitrary. Three variants of the wing movement cinematic parameters

have been given adequate consideration.

1. Heave and pitch oscillates harmonically. Phase angle is
arbitrary. The design formulas have been obtained for the case when

phase angle is equal to 90°.

2. Heave and angle of attack oscillates harmonically. The design
formulas have been obtained for the case when phase angle is equal to
90°.

3. Pitch and angle of attack oscillates harmonically. As this takes

place, the heaving oscillation is non harmonic.

The second and the third cinematic parameter variants are less
common than the first one practically. Because of this, the design
formulas were obtained for phase angle 90° only.

Pure heaving and pure pitching wing oscillations were investigated
in all variants.

Chapter 2 is devoted to the obtaining of the design formulas for
deformable wing as a model of flexible wing which is found naturally
(fishes, cetaceans, insects, birds). Two sectional wings and a wing of
composite profile were investigated. Such wings are capable of
developing a larger thrust and efficiency than rigid wing when Strouhal

number and Reynolds number are not so large.



Chapter 3 shows the comparison of thrust and efficiency
calculated by using design formulas and published experimental data as
well as theoretical models. In most cases a good agreement is achieved
between the results when Strouhal number and Reynolds number are not
so large. By it meant that design formulas can be useful in the design of
the flapping-wing propulsors.

The book may be useful for specialists working in the design of
the flapping-wing propulsors.

This study was supported by the Russian Foundation for Basic
Research.
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Chapter 1. Hydrodynamic forces on oscillating rigid wing

undergoing large amplitude heaving and pitching oscillations
1.1 Setting up a problem

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

A given thin wing is moving in boundless volume of liquid,
which rests on the infinity. The movement of the wing can be
represented as the main movement at the speed of U, and some
additional movement with small drift and low speed. When the wing
movement is described by the coordinates X0Y, which moves of the
speed of U,, we consider that vortex wake comes off the back edge of
the wing, and the Chaplygin—Jouckovsky condition for finite speed is
true. There were obtained the following expressions for lifting force Y
normal to the wing line and for suction force X oriented along the wing

line, (1.1.1)

T d
Yl_:_/122%_p”bU0(Vn_bw:/4)_péU M

2% & —(b/2)

b}



(1.1.1)

T oy(&r)dé }2.

X = pﬂb[vn +(1/27r)f

i AJE = (b/2)’

where 4, = pa(b/2)* is virtual mass of the wing, b/2 is half of chord, v,
is normal speed in the centre of the wing, « = % is angular velocity, ©¢&

,t) is vortex intensity in the trace at the distance of & from the centre of
the wing.
With the help of simple transformations equation (1.1.1) can be

transformed into notation

dv,
Y, =—4, dt

Xy =Ayv,0, +pv, I — prbu, (v, —u.).

Nt (1.1.2)

Here the value F:ZHa(v”—bfz—u*j may be considered as added

1% (&n)de
27[,)/2 fz—(b/2)2

circulation and the value w. =- as some effective

velocity induced by presence of vortex wake behind the wing.
Now let’s analyze the task concerning non-stationary finite-span

wing movement (fig. 1.1) analogical to the case of the infinite-span wings.
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Let the wing shape be symmetrical to the wing central line 0Z;.

Let’s assume that in case of unsteady wing of finite span
movement the wake influence on the wing hydrodynamic characteristics
can be assumed as well as in case with infinite-span wings using some
induced speed. In this case the method of flat sections can be used as it is

shown in formulas (1.1.1).

I
[Zv; —pUOIF(z)dZ,
]
1 (1.1.3)
X5 = Ayv,0, +vaIIF(Z)dZ—Xl,
5

Y, =-2,

1
Here 4, - virtual mass of wing, X, =pr [b(z)f.(z)v, - f.())dz -
-1

induced drag, f+ - some effective speed induced by the wake, v, — normal
wing speed in the 0Z points, b(z) — wing chord in points z=const., / —
semi-span wing.

As v, does not depend on z then it is possible to make an upper

estimation for X :

2

X, sms%, (1.1.4)



where S is the square of the wing. The last expression shows that in case
of non-steady-state motion of a finite span wing the coefficient of
inductive resistance can not exceed C,, <za’/2, where a = v,/Uj - is
the instant angle of attack, U, is the velocity of the main movement.

Up to this point we have considered the case of low amplitude
oscillations of the profile and the finite span wing. Now let us consider
the case of large oscillations of the wing.

Let us consider the motion of the finite span wing into the
unlimited volume of the liquid. Let the plane projection of the wing be
of symmetric shape relative to 0Z-axis. Let the motion of the wing be
defined as periodic oscillation y = y(¢) and 9 = 9 (¢) in the coordinate
system of 0XYZ , which moves with the constant speed of U, in the
direction of 0.X, see fig. 1.1. Here @ is the angle of a pitch.

Let us assume that under the transverse and angle oscillations at
high amplitude the instant values of the angle of attack are of small

values and that there is no breakaway.
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Fig..1.1 — The co-ordinate system in the wing frame of reference.

In this case due to the laws of physics the equations like (1.1.3)

for the components of hydrodynamic forces are valid:

1
Y= —Azz%—pUcosaJ'F(z)dz,
. - (1.1.5)
X=1,v,0, +pv”_[F(z)dz—X,
21

The lifting force Y, which is normal to the plane of the wing, has
two components: the component depending on the media inertia and the
circulation component. The vector of suction force X is perpendicular to

0Z-axis in the plane of the wing. The value of X is determined by the



values of inertia component A,v,@w, , of circulation component
1

pv”J-F(z)dz and of inductive resistance X;. The circulation components in
-1

the expressions of the lifting force and the suction force are the

1
corresponding projections of the Jouckovsky force pU J I'(z)dz which is
-1

normal to the vector of the instant velocity of the wing motion U. In
expression (5): U is the absolute velocity of the wing movement
respecting to motionless liquid, v, is normal to the wing plane
component of the velocity U; m* is the virtual mass, I is the circulation
in the section of the wing Z, p is density of the liquid, w = d.9/ dt. The
values of U, v, are determined in the points of the wing symmetry axis

0Z

v, =V, cos9-U;sin9 =Usina, (1.1.6)

here V,, = dy/dt, a is an instant angle of attack of the wing.

1.2 Wing thrust

The 0X-component of the hydrodynamic forces are
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2
F, :Xcosg—Ysin.9—pS7UC cos 9. (1.2.1)
P 5 &

On the basis of (1.1.5) and (1.2.1) we can take the expression for

F, into another expression:

d(v,sin9)

1 SU2
F. =2, p +pVyJ.F(z)dz—X‘ cosS—pTCp cosd. (1.2.2)
]

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

Under linear approximation like in case of small oscillations of

the wing the lifting force Y can be estimated with equation

o vn a \.)”b
dv L pU” | v Ot
Y =4, =~ pU cosa [ I(z)dz = L=~ L a23)
dt b o, O, @,
+C —=+C —=
) U Y U_

Let us consider that the coefficients of the hydrodynamic
derivatives keep constant during the period of oscillation and depend on

the Strouhal number, which looks like:
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Shy =2 (1.2.4)

From (1.1.5) and ((1.2.3) we have

L ¥ Us CJ(’IVUHC’? vnzb_
[r(z)dz =2y v (12.5)
° pUcosa  2cosa o, 0b @b
_Cv‘ ;_Cv' —
U U
Taking into account (1.2.5) we get
a Va o Vib
. . F =+ -
d(vn sm.9) vV, pr US| Uy Y y?
Fo=h d Ucosa  2cosa b 0b” |
22 o 20| (1.2.6)
U U
2
-X, cosS—%CcosS.
Considering Using = V,, we get
. a e 2m’ ). .
d(vn sm.9) pS CovV, +b| C) - »Sh v, sin6 —
2wV _
22
dt 2cosa )
Fo= ~C™bw ¥V, - C*b*0_sind (1.2.7)

2
-X, cosg—%Ccosg
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Here 8 = a +9 is the angle of the slope of the wing motion trajectory.

The formula (1.2.7) stems from the assumption that the wing
cinematic parameters are given with respect to the wing center. But,
more important is when the wing cinematic parameters are given with
respect to the arbitrary point of the longitudinal wing axis. This is of
particular value for fish and dolphin swimming. There is a reason to
think that the dolphin rotational wing axes should be arranged as near as
possible to the back end of the dolphins fluke (Lighthill, 1969, 1970,
Wu, 1971). The existing estimates of the dolphin rotational wing axes
position on a basis of experimental data reinforce this assumptions
(Romanenko, 2001; Romanenko, 2002).

Let’s assume that the coordinate system OXYZ movement is
directed in OX axes and at a steady rate of U,. The wing motion is given
by the periodic law of the point x, (Fig. 1.1).

To make an estimate of the wing hydrodynamic forces in this case
we can use the formula (1.2.5) but all the wing kinematic equations
must be written relatively of the wing center.

The wing movement relatively of the wing center is determined by equations:

V,=V,—w.xsin$, (1.2.8)



Ve=V,+w.xcos9, (1.2.9)

where 7, =y(t), o, =9(t), () - heaving, x — the distance of the wing
center from the point x,. The point which is placed directly above of

symbols (here and next) denotes the time derivative.

The formula (1.2.7) may be written as

. 24, ). .
d(vmsin,g)Jr oS Cj;vm,VWer(C;7p§lzj]vmsmeﬁ

dt 2cosa,

Fo =2y -
—Cbw ¥, - CUb @, sinb, (1.2.10)
2

—X,cos3— pSZU" Ccos§.

Here and next F,. - the thrust, 1, - virtual mass of the wing, v, - the

normal velocity, p - the water density, 6, - the angle between the flow
of water and horizontal axes, C - the double sum of the drag coefficient

and the shape drag coefficient, U, - the instantaneous flow velocity, X, -

the wing induced drag, b — the wing chord, C%,C%,C"

ye? Zye e ’C;Lt":‘
aerodynamic (rotary) derivatives coefficients (Belotserkovskii, 1958;
Belotserkovskii, Scripatch, Tabatchnicov, 1971). The formula

(1.2.10) differs from formula (1.2.7) by the availability of index “c” by
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symbols, which was written relatively 40 4he wing center. In a similar

manner design equations may be derived for other parameters

Ve =V, c089-U,sin$+w.x=U,sina,, (1.2.11)
0.=a, +9=arctglV, |V,) (12.12)
Ul=Vi+V., (1.2.13)

here «,- the angle of attack which was written relatively of the wing

center. The angle of the slope of the wing is free from index “c” because
it is alike on the wing surface. Parameters sin3 and cos3 can be
expressible as (with the supposition of the small in size of angle of

attack)

sin$ = sinf, —a, cosH,, (1.2.14)

cos9 ~ cosb, +a, sind,. (1.2.15)

here



m%=%g (12.16)

ma:g, (12.17)

U, =yU2+() . (1.2.18)

1.3 Wing efficiency

The wing efficiency is equal to useful and common energy ratio

n=2c (13.1)

where

A =F.U, (13.2)

and
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P.=-FV, -M_o.. (1.3.3)

Here F, and F, are horizontal and vertical forces, v, is the wing

ye

vertical velocity, M _ is the forces moment relatively of the wing pitch-

zc

axes. This moment is usually reported as

@,

-m, — S+ m,
u, Cfurotu, U

(13.4)

Here m&,m?,m®, m* - acrodynamic (rotary) derivative coefficients
of the moment which were written relatively of the wing center
(Belotserkovskii, 1958; Belotserkovskii, Scripatch, Tabatchnicov,
1971).

Projection of the hydrodynamic forces onto the 0Y axes can be

expressed as

2
Fy:XSsin.9+YLcosz9—pSTUCsin3. (1.3.5)
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This formula (with regard to formula 1.2.5) can be expressed as

i . Ay, v, sind sm8
v @, sing— —
A Ucosa
Ca ’1 +Ca nb_
+,ov,,SUsinS U
2cosa oo w.b C;”~ b’
-Co 2 - &

F = v va . (13.6)
. Ca n+Ca n~ _
_pU'Scos3| " U U’ _
2 2

¢ 2b_ o @b
U U’

In the right-hand side of the formula (1.3.6) the expression

A,v, cos9 can be added to and subtracted from. Then



d 9
3 (v, cos )+
dt
2209,
pSU2
b 2
F =4+ cos9- v, sin @ Lo b v.b pSU
Ucosa i’ U Ut 2
" wzb C;f):a)zb2
U w
—X,sin9 - pSzU Csin §.

Taking into account that Yo

22

d(v,cosd
4l cos)
dt
. 24, ).

—-CvU-b| C* -2y +
+cosb’piS y Vn ( y prj R
cosa 2 o s

+Cw.bU +C @.b

2

—XisinS—’L)STUCsinS.

~4(1.3.7)

=sina we can derivate the equation

(13.8)

The formula (1.3.8) stems from the assumption that the wing

cinematic parameters are given with respect to the wing center. But

when the wing cinematic parameters are given with respect to the

arbitrary point of the longitudinal wing axis and aerodynamic derivatives
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coefficients are given with respect to the wing pressure center

(Belotserkovskii, 1958) this formula can be represented as

d(v, cos )
oy ——+
dt
. 24
pS | ~Crv, U cost, —| Cy - 2
+ ) Y pr
2cosa,

+Cy.bU, cos B, + Cy:.b* cos 6,
2

-X, sing-2 SZU“ Csin 4.

jbvm, cos 6, +

(1.3.9)

In this formula index «c» denotes that parameters where written

relatively of the wing center. When it is considered that U, cosd, =¥, and

cosa =1 then

ne

dt

1, d(v cos 9) .

. 2
pS —Civ, V. —(CZ —@jb\)m, cos6, +
= pSb

o, @. . 2
+Crra.bV,, + CyFa.b” cos b,

2
~X, sin9- %c sin 9.

(1.3.10)
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1.4. Suction force

Let’s estimate the contribution of suction force (X, ) in the total

thrust. Then

X = Ay, 0. cos§—A,v, o, cos§+

nc e

it ne it nc

+p—S(C”.v2 +Clv, ba, —Cliwby, —Claba, )cosd.
2 (1.4.1)

1.5. (Aerodynamic (rotary) derivative coefficients conversation to

the wing center.

Tabulated the rotary derivatives coefficients are consistent with
standart coordinate system (x,y,z) at the origin placed at a range of %

wing chord from a wing leading edge.
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Since the cinematic parameters are converted to the wing center
the aerodynamic (rotary) derivatives coefficients must be converted as

well.

By way of example let us convert aerodynamic (rotary)
derivatives coefficients from the two-dimensional wing pressure centre
(of ¥4 wing chord from a wing leading edge) to the wing center. Here we
examine the case when Strouhal number is equal to 1. The conversion

results are given in the Table.

The first and the second rows content the initial values of the
aerodynamic (rotary) derivatives coefficients from Table number 13 of
the paper (Belotserkovskii, 1958). The third and the fourth rows
content the results of the conversions from the wing pressure centre to

the wing centre.

Table. Aerodynamic (rotary) derivative coefficients: initial values

and results of the conversions from the wing pressure centre to the wing

centre.

[ oo [ mw [ w [ o] w
3.757| 0.6239| 1.878 |-0.0807 0 -/ -z/8 | —37/64
o Cy. Ce cy m, m; mz; m;
3.757] 0.6239| 0.9388 | -0.2367| 0.9393 | -0.2365| -0.1578| -0.1082
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Conversion formulas would be expressible as: ;. =C¢, Ci. =Cy,

©, _ Mo, o @, _ o, a a a a a _ o d @
Cyé = Cy +Créy, C\rc =Cr + C,,- Ey» m m, — C,,- &o» mi, =mf — Cy &os

mz =t —(Cr —m? )& = ClE7,
Here: ¢, =-0.25.
The formulas (1.2.10), (1.3.1)-(1.3.10) u (1.4.1) are true for all

cinematic parameters of the symmetric wings.

In the special case that oscillating wings are used as a mover it is
essential to calculate the time-average wing hydrodynamic
characteristics. To do this formulas (1.2.10), (1.3.1)-(1.3.10) u (1.4.1)
evolved into calculating formulas for hydrodynamic characteristics by

three variants of heaving and pitching motion.

a) The wing executes heaving and pitching periodic motion. The
phase angle by which the pitch motion leads the heave motion is

arbitrary.

y=y,sinet, (1.5.1)

3=, sin(wt+9). (1.5.2)



27

Here ¢ - the phase angle.

6) The wing executes heaving and angle of attack periodic motion.
The phase angle by which the pitch motion leads the heave motion is

90°.

y=y,sinaot, (1.5.3)

a=a,coswt. (1.5.4)

B) The wing executes pitching and angle of attack periodic motion.

The phase angle between the pitching and angle of attack is absent.

9=49,coswt, (1.5.5)

a=a,coswt . (1.5.6)

It was mentioned above that the wing heaving is not harmonic

(Prempraneerach P, 2003) and it shows up as:y=Uyg(a+9). When

angles o and $ are very small the wing heaving is near harmonic. The
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derived calculating formulas can be found in the published literature
(Pushkov u ap., 2000,2006; Romanenko, 2001; Romanenko, 2002;
Romanenko u ap., 2005,2007,2008,2009).

The formulas (1.2.10), (1.3.10) and (1.4.1) are useful for pure

heaving and pure pitching. In the former case should be ¢ = 0. In

U,
Y@

another case should be 4, = =,

1.6. The thrust design formulas.

Let us analyse a common case when the point x; cinematic is

presented as (see above 1.5.1 and 1.5.2)

y=y,sinot, (1.6.1)

9 =39 sin(wt+9¢). (1.6.2)

The time-average rate of the thrust has been obtained formerly
(see above 1.2.10) and is shown up as (on the assumption that the angle

of attack is small)
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C% V_+b C"‘ 2 v,.sin@ —
pr

y “ne’ ye

F, = £S =bC .V, -C*b* @, sinf, —

—Evi, cos —CU? cos 9

The formula (1.6.3) can be shown up as

CT CT] + CTZ + CT3 + CT4 + CTS + CT6

pSU N

The thrust coefficients can be shown up as

1

P
7M(170.12595)
Ci"mV,L _ a 22,

n U? y +(Sh0)90Xbcos¢J
22,
Shy)” % X,}
NEAE:

(1-0.1259;)

Here and further X, = %

C. = Ca_Zizz by, sinf, _ Cd_z%E G
= " pSh U; * pSh

vE [1-0.1259; (2—cos2¢) | -

(1-0.259 )+

(1.6.3)

(1.6.4)

,(1.6.5.)

(1.6.6)
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Here G= HZZISGM

n=1

—C;z¢(1—0.595)—

P

2
G, =(Sh,)9, —908T5¢(cos2¢—0.166719”2)— , (1.6.7)
P

B (Sh, )2.90Xh (

1-0.12597)

075] 0,254 00233 |
(24, +1)

00313
3 (Sh )92 sin2 (241
G, = | Y2 (5h) % sin2p (249 . (16.8)
(225 +1) [ 00238 0.01% J .
cos’ ¢ —

-0.49;| + > .
(222 +1) (24 +1)

0.0468  0.0342 | .,
- N 7 + 3 3 sin” @
[(u,, +1) (22 +1) J




J2(Sh,) &

Apy(245 +1)

-0.5

+1.178

31

0.125
+

(24, +1)

0.07 0.041

+ 2 3
24, +1 245 +1
(22 1) (247 +1)

(012500586
(22, +1)
0,1234
(24, +1)
0.0391
(222 +1)
T, 00587 00733
(222 +1) (222 +1)
0.0625
oS
T, 00469 0.1016
(222 +1) (242 +1)
0.07
(242 +1)
T, 01055 01318

(222 +1) (222 +1)

sin2¢ +

singcos® @ +

cos* @+

sin® pcos @ +

sin® pcos’ ¢

(1.6.9)



Here

GS*O

here G, ,

G,

0.375 :
[ +(2,1,§ +1) +(2,1,3 +1)3JCOS o

_902

G,

-1.59?

32

0.125 0.0938 0.0586

0

(247 +1) " (222 +1) (222 +1)

0.0115;2}052(?+

(22, +1)

0125

(uﬁu)

T, 0058 0041
(222 +1)° (222 +1)

(0.125+

0.125 -

sin® @

3

V2(Shy) 8,

(223 +1) o

0125 00938 _ 00586
(22:+1) (222 +1) (22 +1)

0.0116 0.0589

0.125 0.0819

J_

0.0409

+0.375-— + 3 S
(222 +1) (222 +1) (223 +1)

2(Sh, ) 9,X, .
——SIn

(227 +1)

Jsin2 1)

}_

,(1.6.10)

(1.6.11)



(222 +1)

Q
[

7-0

-0.83%;

0.125-—————
[ (227 +1)

33

0.125  0.0938

0.0585

0.125
+
(222 +1)
0.0819 0.0586
+ +

0375+

(i) () ()

cos’ p +

-1.679? (2,15“)2 (2,1j+1)3

0.0411 | o
(22, +1)

+[0.375 +

0.125-
0.125
(247 +1)
L 00586
(247 +1)

0.0469] 2
7 |[cos” @ +| —

[(0.0625+
0.2167
+ 02167

(247 +1)
0.031-
002
(247 +1)
+ 0019
(222 +1)
00625
(227 +1)

cos? @+

sin® 2¢ +

0.086 0.2322

0.0625 —
@2 +) (22 1)

+

+ |sin? ®—

sin” @

4

b

o4

(1.6.12)

(1.6.13)



3
Here G, :M'
(227 +1)
0.25 0.1172
2 + 3
(22,, +1) (2/1,3 +1)
0.25
G, =G, N
s = Uso [(2,1[2,+1) (22,;+1)2
~1179
2 .
Here G,, __2(sh) %4 singcosg

34

J

0.0469

0.0469

]cos2 o+

J222+1)

.| 0125 .
(242 +1) (223 +1)

5>

(1.6.14)



V2(sh,)' %X,

(24 +1)

G, =Gy,

[0‘5 +

35

0125 00938 | oo
(22;+1) (227 +1)

s 0125 00938 |
(225 +1) (222 +1)

-0.679; | + sin* o +

_g(f

(222 +1)
0.125

0.375- (2%2) N 1) +

, 00819 00409
(222 +1) (222 +1)

3

0.125
(24, +1)

0375+

00813 0.06
(222 +1) (222 +1)

{0.75 4 0:0235 ]sin2 @cos’ ¢+

+ cos* o

025 00938 0.0589
(22; +1) (222 +1) (242 +1)

[0,125+(O'125 + 0'05862Jcosz¢7+

2+1) (222 1)

+ 0.125+ - -
(22;+1) (242 +1)

0.3632 0.8788 ] .
sin” ¢

]_

,(1.6.15)

,(1.6.16)



here G, ,=

GII

36

(222+1)

GI 1-0

0.125

0.0625 00469
(227 +1) " (222 +1)

0.0625 4 0.0234

(21}3 +1) (2ﬂ,§ +1)3 ]cos2¢+

0.0821  0.1153 ,
_(2/12 +1) " (222 +1) ]COS 7T
P P

(222 +1)° (222 +1)

0.0587 0.0786 ] . 2
- [sin” @

005 0125
(227 +1)
0.0938  0.1478
* 2 2 2 3
(22, +1) (242 +1)
00625+ 2173
(227 +1)
-0.6797 | + 0.0856 sin” pcos® o +
(222 +1)
+ 0.0625—L543 sin* @
(247 +1)

cos’ @ +

(1.6.17)
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2 3 .
here GII—O = _w .
(242 +1)
0.125 0.0938 0.0586 )
0.5- > + 5= T |cos” @+
(22 +1) (223 +1) (247 +1)
0.125 0.3163 0.0589 .
+| 0.5+ 2 - -+ — [sin” @
(222 +1) (222 +1) (247 +1)
G, =G,
0.125+ 0'01182 (cos"(p+sin4go)+
(247 +1)
_3[)2
+0.25+ 0'11712+ 0.018 - [sin® pcos’
(224, +1) (227 +1)
2 g2
here GlZ*O :_M

(222 +1)

, (1.6.18)
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0251 |
(222 +1) (22 +1)
-0.25- 0'125 —— ~ |cos® p +
(2AP+1) (21;“)
0.25-
G.=G,, 0125 , (1.6.19)
~05%| (o254 (222 +1)
+ +M cos2p + +L72_ sinzgo
(222 +1) (222 +1)
05875
(222 +1)
3 ) 5 .
here G, :—(Sh”) ik Tpoie

J22+1)

¢ (Sho)'go{/;cosgo+ (Sh,)9,x, (1-0.1258; )} (1.6.20)

P

,=—C [ZK ] (1.6.21)

n=1

here



K, = (Sho )2 ‘902

39

—%(1—0.1259§)+

‘/5‘90 : 2 0.0469
+——==sin@cos” ¢| 0.5+ ==
2 (2/1pz+1) (2,1i+1)
025 0.1875
NG . (2/‘{;+1) (2]_;+1)2
_mm 00172 0.1025

(222 +1) (222 +1)’

0.125 0.0938
S L
(2/117 +1) (2ﬂp +1)
0.0586 0.0854
() ’ (222 +1)’
P P
0.125 0.0703
-0.25+ - >
(2’1; *1) (2/1,3 +1) ,
cos2¢
0.0586 0.0427

(222 +1)" (222 +1)'

]_

cos’ @ +

[o.5+ 0125 00938 03517
(222 +1) (222 +1) (247 +1)

0.125 i

(227 +1)

0082 01758

(222 +1)° (222 +1)

0.375+

KZ*O

-0.679;

0.0352

+[0.375+

2Jsin2 o

(227 +1)

(1.6.22)

,(1.6.23)
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2 g2
here KH:MCOSZ(/).
(227 +1)
05_ 0125 00938 00586 |
(225 +1) (243 +1) (243 +1)
0.0352
_ 0.375+ ———— |cos’ ¢ +
K=K [ (222 +1)2]
~0.679 | (0375
o 01055 01935 |sin’ g
(222 +1) (223 +1)
2 g2
here K3—U :Msi 2(0
(227 +1)
110.5-0.18759; (2 —cos2¢p) +
220.04699; (1+4sin’ ) -
9 .
—ism p(1-0.8759; +0.2569, )+
Cys = —% +97 (0.5-0.31259; +0.06089; ) +
2(Shy )9, X
+w005(p(0.5—0.1253§)+
Ap
Shy ) S X,
+7( ) %X, (1-0.1259;)
2

(1.6.24)

, (1.6.25)
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1
2]

(10259 )+ ——[1-0.1259 (2 cos 2¢) | +

%cos¢(0.5—0.1259§)+ (1.6.26)

.
N (Shy) & X2
2

(1-0.1259)

The terms in the right-hand side of the formula (1.6.2) are of different
values. The first, the fifth and the sixth members are considerably more
than the second, the third and the fifth. The first approximation of the
small members can be eliminated from consideration. In this case the
error incurred in shall be no more than 10%.

Inductive reactance (formula Crs) was estimated as maximum

(«upper» estimation):

, (1.6.27)

It was shown before (paragraph 1.1) that this formula is a reasonable
approximation to the exact equation to calculate the wing propulsive
characteristics when the wing aspect ratio is in the range from 2 to 5 or
when inductive reactance is very small. In a general case when the wing
aspect ratio is unbounded on the interval from 2 to 5 a closer
approximation to the exact equation is derivable from common

equations (paragraph 1.7.1).
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It is easy to convert the formulas to pure heaving and to pure

pitching oscillation. In the first case it was reasoned that 4 = o, in the

second case A, = .

To pure heaving

To pure pitching oscillations

c, =cC:

ye

% (Shy)* X, (
2

(1.6.28)

(1.6.29)

(1.6.30)

(1.6.31)

1—0.12595)}, (1.6.32)
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a 2 2
G, = _[C}T - pﬂgbj(Gl +G]2), (1633)
where
G, :—M(l—mzss;), (1.6.34)

2 g2
G, :—wo—ozssg), (1.6.35)

(Sho )2 ‘9(th (

Cpy =-C 1-0.12597),  (1.6.36)

Cp, =0.1875C% (Sh,)’ 9, (1.6.37)

(Shy) 92X, (

Cpe = —’2[{9; (0.5-031259; )+ 1-0.1259 )} , (1.6.38)

(Shy) 92X, (

Cpe :—c{(1—o.259§)+ 1-0.1259; )} (1.6.39)

Letus ¢ :% then it can be shown that
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- %[1—0.37595}— % (1-0.1259; )+
Cove o |22 24,
n=""7 =G s
U Sh, )’ 92X,
! +(°)+”(1—0.1259§)
Cc. - Cd_ZJQZ bv, sin, Cd_un G
72 ye pSh Uioz e Sh .
here
n=13
G=>G,
n=l1
and

G =_M(

1-0.1259; ),

G,=G,=G,=G,=G,=G,=G,, =0,

0.125 0.0938
- 2 * 2
(22 +1) (222 +1)
, 0.375—%+
SR IC S P N C A R
- 0
3 (2/1,?+1) + 0.0819 B 0.04093

(222+1) (222 +1)

|

0.1172

(227 +1)

+0.259¢ {0.3125—

, (1.6.40)

(1.6.41)

(1.6.42)

(1.6.43)

(1.6.44)

, (1.6.45)
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0125 00938 0.058
(22;+1) (222 +1) (243 +1)
2
6, - Y2h) &K, 03752 (1.6.46)
(2% +1) | 666792 (22:+1) ’
|, 0.0819  0.0409
(222 +1) (222 +1)
0125 00938 00589 _
: (222 +1) (222 +1) (222 +1)
Gio _P2(Sh) 8%, ’ ’ ,(1.6.47)
(242 +1) | _ga] g qp5, 03632 08788
' (222+1) (243 +1)
025, 01056 00043
: 2 3
o __N2(sn) 9x, (24541 (27 +1) (1.648)
I N ’ o
(22 1) | g.666792 | 0.0625 - 0014
(24, +1)
, 0125
(22, +1)
o - Y2(Sh) SiA4X, | 03163 00589 (1.6.49)
: (222 +1) (222 +1) (242 +1)
-9;10.125+ 0'0“82
(227 +1)
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where

7%(170.12593)7

0.25 0.1875

+ 2
No (242 +1) (222 +1)

29, /2,1}3_,_1 __0.1172 N 0.1025

(222 +1) (222 +1)

K, =(Sh) & -4,(1.6.52)

075025 01641

i (242 +1) (223 +1)

Yl 01172 0.1281
(222+1) (222 +1)'

K, =0, (1.6.53)
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05 0125 . 00038

2 2

o _2(5h) 8% (22 +1) (22 +1) (1650
i i e d (1.6

(22 +1) | g 6762 | 0,375~ 01055 _

’ (222 +1)

1
/1—;[0.5 -0.56259; +0.23459; |-
—&(1—0.8759(,2 +0.2569; )+

2 ,(1.6.55)

Cp = —%vi cos 3= —%
+97 (0.5-0.31259; +0.06089; ) +

2 2y 2
+7(Sh") 2‘9“ X, (1-0.12597)

(1-0.2597)+ 2112 (1-0.3759; )+
v .(1.6.56)
1-0.1259;)

Crg=—C

N (Sh,)" X, (
2

Let us consider the second case of the wing cinematic parameters.
In this case the kinematic of the point x; (fig 1.1) may be specified by the
expressions (1.5.3) and (1.5.4). In this case the time-average thrust is
defined by the formulas (1.6.3 and 1.6.4) as before. The thrust

coefficients can be shown up as
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o« Yilve _ a | YV
Cn=Cj i =C. US‘ +B +B,+B,+B, |.
here
025 00625  0.0234
_ 1+ 2 - N 7t 5 3
a2l () (2a14) (227 41)
U 24222 |__00146  0.0086
(222+1)" (242 +1)
a4, L, Lovd |
V2222 1) 22241 (222 +1)
B =B,

2
a4,

_ P 1+ 0.469
V2222 +1) 222 1| (222 +1)

125 2188
222} (2245 +1) (222 +1)

N e
(227 +1) J(22; +1) 2461 3.384
' ’ +(uj +1) : (222 +1)’

075 0938
220,22 (225 +1) (222 1)’

W 0.82 0923
i ,, +(2,1; +1) : (222 +1)’

3 =

(1.6.57)

,(1.6.58)

(1.6.59)

, (1.6.60)

, (1.6.61)
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B, = a2, 0.25 0.188 0.117
2 2
f./z/lz 1| (24 +1) (222 +1) (24 +1)

B, =(Sh))’ X,2.

G = (CZ

Cpy =—Cyx(1/X,)(B +B,+B, +B,),

22, e
o ](l/xm 5-5-8,).

” (1.6.62)

(1.6.63)
(1.6.64)

(1.6.65)



Cry =443~

here
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075 09375 082 09229 _
(222 +1) (222 +1) (222 +1) (222 +1)'
04565 03 ___016 0075

(222 +1) (222 +1) (222 +1) (222 +1)

2 05469 0564 03494
T 0.5+ >+ T+ b
Q1) 22+1) (22+1) (242 +1)

ao(2iﬁ+1){_ 025 01875 01172 }r

2 + 2 3

22 (22:+1) (222 +1) (223 +1)
15 1.6406
| () (22 +1)

+
2 1.6406 1.6919 0.9131

_(u; 1) (222 +1) ) (222 +1)
03125 0.5469
S— + ~=
a? (222 +1) (222 +1)
(247 +1)| __04102 0564 03705
(222+1) (222 +1)" (222 +1)

+

o (247 +1) 505 03281 0.2344

Y| (24241) (222 +1) (222 +1)

,(1.6.66)



51

C2(Shy) A,

A, =N A (1.6.67)

" en )2
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o 4 |1, 025 o0es 00234 |
T A ey (222+1)

2
+A,5,] 0.5+ °'f4692 _% (ij +1) 054 0.33442 .
(211’ + 1) P (21,, + 1)

1.5+ 5.5 4 15.641 4 33.516 |
C (24 +) (2/1;+1)2 (21;+1)3

72a0(22ﬁ+1) a5 w0s |
753 Ap ' (21;+1) (2},;+1)2

+1'5a‘§(u;+1)2 15420, 08
2 . > <
A (227 +1) (222 +1)

+A4

(222 +1) (222 +1) (222 +1)

{0.5_ 0.688 . 2.234 2.793 ]_

A5y

_20{0 (2}“; H) 05— 0.563 N 1.547
)up . (2/1’% +1) (2112’ +1)2

125 2.188 2.461
1+ B + 5 ~+ - |-
(242 +1) (227 +1) (222 +1)

_ao (21; +1) 1+ 0.75 . 0.938 .
" Ap (22, +1) (222 +1)2

+C(0 (21{% +1)2 14 0.25 ) 0.188
2 B 2 2
42; (227 +1) (242 +1)

+4

0.547 0.564 0.349 1
+ + .

+4,5.| 0.5+
TS{ (2+1) (22+1) (242+1)

(1.6.68)



here

T5-1 —

T5-

T

T5-.

T5—
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5=

x (227 +1)

) =

2 22a,

2(Shy) @y 22X,

T
2202 +1) J222+1)

x 82(Sh) 2lx,}

3=

s =

6 =

222 +1) Jori )

7 W2 (Sh) aai X,

A =T )
T2z Joa )

Cx N2(Sh) X,

2242 +1) J(222+1)

7 V2 (Sh) aiiix,?

2 (222+1) (222 +1)

(1.6.69)

(1.6.70)

(1.6.71)

(1.6.72)

(1.6.73)

(1.6.74)
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a, 0.0625
1+2/1 l—ﬁ +
C\J(24; +1) » (247 +1)

Co= N { .(1.6.75)

%
22,

0.25 0.0234
2 + 3
(225 +1) (222 +1)

It is an easy matter to convert the formulas to pure heaving and to

pure pitching oscillations (as before). In the former case it was reasoned

that & =o,1in the other case A, =x.

To pure heaving

« 1
¢, =C. [2/1’3 j, (1.6.76)
Cp,=Cry,=Cp, =0, (1.6.77)
) 1
=—= 1.6.78
o 2[2/1,3} (1:6.78)

To pure pitching oscillations
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v,V

e | YV
e =C},(,[1;1+BI+BZ+B3+B4J, (1.6.80)
0

C,=Cy, U
0

where

V”‘z}" =B =B,=B,=0, (1.6.81)
UO
B, =B, {%ﬂz} (1.6.82)
B,=(Sh) X’ (1.6.83)

, 24, \bv, sin@ ;24
¢, =| et -2 |Phesinb _ [ra 22n |y yp (1684
B ) e (B ) (PAPAY (R

bV,
Cpo =-C 22225 = (1, s (1.6.85)
0
CT4 :Oa (1686)
C. =% (1.6.87)
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C, =—C. (1.6.88)

And at last let us consider the third case of the cinematic
parameters (formulas 1.5.5 and 1.5.6). In this case the heaving is

different from harmonic and is defined as (Prempraneerach at al., 2003):

y=Uyjg(a+9)=U,g(6,coswt). (1.6.89)

Here 6, =a, + 9,.
The wing heaving is near to harmonic when the angles are small.

The formula (1.6.3) can be simplified to (as before). It may be

conceived as the sum of the thrust coefficients

_ 2F.
pSU;

=Cp+Cpy+Cpry+Cpy +Cps + Crg,s (1.6.90)

T

where

1= “ye

e | [0 +06260] +0320 +0.156] +
2(0.076, +0.0146," —0.0276,"

]+q},(L69D
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140.250,0, —0.12560,> = 0.021e,6," +

| +0.0056, —0.0010,6," -

_ ‘90 (Shn) Xh
+0.0196,” +0.018,6," +
+0.0236," +0.025¢,6,"

1-0.12597 — ““4‘90

(1-0.0839; )-

2 2
C, - _M(@ _ 2122] (1+0.176; +0.04166; -
2 CopSh) @] hsg 0,050 +
* 0 . 00

4'90 4 402
+0.0139" +0.0039°6;

— @, 0
Cr = Cv(f ’

-0.001e,6,” +0.01,° +0.008¢,6," + |, (1.6.92)

, (1.6.93)

(1.6.94)

Cpy=—C {—(Sho )y 9 {0,5 +0.062597 + %(0.5 —0.18759? )}} , (1.6.95)

0

7| o 1-%—03756’02 +0.139," +
Crs=—7|—

2| 2 (+0.0466,° +0.0176,° —0.0066,"

1+0.50,6, +0.256,> +0.31c,6," +
Cre=-C
+0.0786," +0.1601,8, +0.0266,°

J+c0} (1.6.96)

J+co] (1.6.97)
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As it was made before let us obtaine the formulas to pure heaving

and to pure pitching oscillations

To pure heaving (9=0)

2

C, =C" {0‘2"(1 +0.62a,> +0.32¢," +0.15a,° )} (1.6.98)
C,=Cp,=Cp=C,p, =0, (1.6.99)

T aé 2 4 6
Crs==3 7(1+0.375a0 +0.13a,* +0.046,° ) |, (1.6.100)

Cpy = =C(1+0.75a; +0.388a, +0.186, ). (1.6.101)
To pure pitching (y=0,7=0,0 =0,9=-q)

C=Coic,), (1.6.102)

2 2 2
cozw, (1.6.103)

Gy =-

902(5"0)2)9[ i 2k (1.6.104)

1-0.12597 +0.00529 —
2 pr]

9
—%(1 ~0.08339;)
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e

cnzfcj’":%, (1.6.105)
b

0.5+0.062592 +0.00269; +

Cpy =—C {—(Sh,)" & , (1.6.106)

+%(0.5 ~0.18758; +0.05865; )

0

o
C”:_%[%uco , (16.107)

(Sh) 92X, |

. (161
. (1.6.108)

Cr = —C{H

The formulas (1.6.35 — 1.6.41) contain the angles «,,9, and the
sum of angles ¢,. Let us expand the right-hand side of the formula
(1.6.89) as power series in 6, and will be bound by four members. After

the term-by-term integrating with respect to §, we obtain

0
Shy =

=2 (1+0.2226, +0.0716,* +0.016, ). (1.6.109)
Yo

If the Strouhal number, the angle of attack and the relative

oscillation amplitude are known we can calculate the angles 6, and 9.
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1.7. The suction force design formulas.

Let us estimate the suction force contribution to the common

thrust (X,.) if the wing cinematic parameters are represented as (1.5.1)

and (1.5.2). In this case we derive the formula

(covz
pSb
+b 2 _ ce
| pSh

cos3—Cy @.b’a, cos 9) +

ne e

+b[C;’C _2 j\'} o cos3+

v, .0, cosI

(1.7.1)

Or, alternatively, in the form of the suction force coefficients if

=z
773

= = +b[Cf’c -

@.b’a, cos 9

co e _

V2 cos @
ye 2
UO

25
pSh

i 2
pSh

This formula can be conceived of as

ce
ye 2
UO
v o, cosd
+

ne e
2

UO
jv @, cos 3

nc "’z

Us

}

(1.7.2)
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2}30
= SU7 =C, +Cy, +Cg, +Cy, s (1.7.3)

where

9
—-— -1.1259; [;2—1.556/1"+0.556.9§]+
o V. COS Y "

Cs = Cyc U2 = O'SCyc ! '

0

P p

39
+0.547.9} [;l —1162-0 0.2899(,2}—

(1.7.4)

P P

9
-0.1378 [/112—0.84410+ 0.144.9§J

i_‘90 (1—§.9§+i19:j—
29\ 4, 8" 192

Cy, = C2 (Shy) Al | S g NG (1.7.5)
T LT E R TE L TYE
4\ 24 ) 484 404
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01259
(24, +1)
0.1876 008178  0.0269
(222 +1) (222 +1) (222 +1)
0018887 0.1026 00478
| en+1) (222+1) (222+1)
0259, 0.05558) 0.00918;
(222 +1) (222 +1) (2,1;“)2
0.11729,  0.0264  0.0114%
+ 3 st 4
(22 +1)  (242+1) (242 +1)

1+0.37592 +0.0789; —

Cs; =Cy3

,(1.7.6)

P

here

2(Sh, )’ 9,X
Csafozf[cﬁ‘izlzzjf( 0) =—*

pSb 242 +1

Cy, = (% -c J(Sho ) %X, (0.5-0.06259; ). (1.7.7)

To pure heaving

1
%:Q&Ej (1.7.8)

Cyy =Cyy =Cy, =0. (1.7.9)
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To pure pitching

1

C,, =Cs [5(9; -0.62559; +0.15819; —0.01979; )} , (1.7.10)

2

L (Sh, )9,
Cs, =C %(4}0 +0.3759) —0.0269; ), (1.7.11)
Cy, =0, (1.7.12)

Cy, = [Z%— ce )(Sho ) %X, (0.5-0.06259; ). (1.7.13)

By way of example let us estimate the suction force contribution
to the value of the thrust (X,.) if the wing cinematic parameters are
represented as an arbitrary values. Figure 1.7.1 gives the relative suction
force contribution to the value of the wing thrust if the wing cinematic

parameters are represented as (1.5.1) and (1.5.2) with the proviso that

o= % and two values of Strouhal number.
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Cg/Cr
28 R . E :
24
20F :
7.&!10: () ()3
._.\.h{): | 47
1.6F
12F .
L ]
08F i
04 F )
0 - 1 1 1 1 1 )
05 0 05 10 4

Fig.1.7.1. The relative suction force contribution to the value of
the rectangular rigid wing common thrust if the wing aspect ratio equal 4
and harmonic heaving and pitching with pitch-axes position. The wing
cinematic parameters were taken from the work (Anderson at all, 1998):

the relative heaving is y% =0.75, the angle of the wing slope is

9, =0.188, Shy=0.63, Sho = 1.47 and $, = 0.63.
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The suction force contribution to the wing thrust value is
practically constant (near 0.9) when Shy = 0.63 in the manner indicated in
Fig. 1.7.1. By this is meant that the thrust is due to the suction force
(near 90%). When the Sh, =1.47 the suction force contribution to the
wing thrust value depends on the pitch-axes location. The suction force
is minimum when the pitch-axes locates at the wing centre. When the
pitch-axes locates outside the wing (X, = 1) the thrust is due to the suction
force. This result is in agreement with the linear Lighthill wing theory
(1969).

Let us use the second wing cinematic parameters (1.7.1)-(1.7.3)

which after the time-average gives

C, =C" (—Ec”j, (17.14)
T



C(u a4

66

ﬁ(ip +O{O)

0.75

- +
(222 +1)

0.938

7@(2/1; +1)24; +1 "

(2/1; +1) 22241

1+

V2

(222 +1) B
0.82

(222 +1)
1.094
222 +1)

1128

—_

(2/12 + 1)
0.25

@ | 0

\/—/14/2/12“

0.188

+1)

0.117

(uj +1)

(222 +1)’

,(1.7.15)
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NG

(222 +1)222 +1|
(p) P

NG
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(1+0.75a, ) -
0.75(1+a, )
(222 +1)

1.094 +0.817«,

ekl i)

(22 +1)
0.82(1+¢,)

TN

(242 +1)

0.313a,

(1+0.5a, ) - (2/15 +1)

(222 +1)" 222 +1 , (1.094+0.547a,)

a,

+

(222 +1)

0750, 025(1, +a) |
1 - +
2 A, (247 +1)
0.188(4, +at, )

+
NI

V2

+W hai+1|, 082

(222 +1)’ ’ (222 +1)’

2, (222 +1)

A, (222 +1)

0.75 0.938

@) (222 +1)

0.923

0.25

+

aO
1+
V22,222 +1 {

1

L, 0188 |
(24, +1) (222 +1)

128

1.094 1
1
V2(222 +1) 222 +1 [ ' (222 +1) " (222 +1)'

|

"(1.7.16)
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22

22,3222 +1| 0117

(24, +1)245 +1| 082
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025 0.88

(2&; +1) (2,1; +1)2

L0103

(222 +1) (222 +1)
0.75 0.938

1+

(22, +1) v (222 +1)
0.923

(222 +1) (222 +1)

1+ 1.25 n
(zglfﬂ)
2\/51 2.188
Cyy=4 ) 7
e | ()
2.461
NEE

%y

V22, (24] +1

1
+

0.461
1
)y242 +1{ +(21; +1)2}+

In the formulas above we have

1.094
1
\/E(lefﬂ)z«/z&,ﬁﬂ{ +(2,1j+1)2]

L(1.7.17)
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A=a,(Sh) 22X,

A =~ Cf(—yb” A,
* pSh

4, = 24 -C” |A.
pSh

(1.7.18)

The first term in the round brackets of the right-hand side of the

formula (1.7.2) is many times higher than the other terms. The neglect

of the small terms and the time-average gives

ye ne

X, = ’D—z“sw(C",v2 cosB).

To pure heaving and pure pitching we shall have:

To pure heaving

To pure pitching

(1.7.19)

(1.7.20)

(1.7.21)
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C, =C" (2} (1.7.22)

2 2
C,, =—C° % (1.7.23)
Cy, =0, (1.7.24)

2 2
X,
cwz[z’lﬂfcygji(‘w’“) %% (1.7.25)
pSh 2

As it was make before let us assess the relative suction force
contribution to the value of the rigid wing common thrust. The wing
cinematic parameters were taken from the work (Anderson at all, 1998).
Let us use the second variant of the wing cinematic parameters (1.7.1)-
(1.7.3).

Figure 1.7.2 gives the relative suction force contribution to the

value of the wing thrust if the wing cinematic parameters are
represented as (1.7.1)-(1.7.3). with the proviso that go:%and two

values of Strouhal number.
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24 F
20F .J
*-W?QZU 63
o —Shy=147
16 F
12F .
08 F
d
04 F =
O 1 L L L 1
05 0 05 1.0 %

Fig.1.7.2. The relative suction force contribution to the value of the
rectangular rigid wing common thrust if the wing aspect ratio equal 4
and harmonic heaving and angle of attack with pitch-axes position. The

wing cinematic parameters were taken from the work (Anderson at all,
1998): the relative heaving is ” % =0.75, the angle of attack is

a, =15° =0.262,8h¢=0.63, Shy=1.47and 9, = 0.63.
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From this figure we notice that the suction force contribution to the
wing thrust value is practically constant (near 0.9) when sk, = 0.63. By this

it is meant that the thrust is due to the suction force (near 90%). If Shy =
1.47 relationship between C%, and X, is different from those shown
T

before (Fig. 1.7.1.).

Let us use the third variant of the wing cinematic parameters
(1.5.5)-(1.5.6). In this case the coefficient of the relative suction force
contribution to the value of the rectangular rigid wing common thrust
takes the form which after the time-average gives C, =C;, +Cs, +C; +Cs,

where

2
— 0 (0.5+0.18756; )+
2 | (S) &
‘90

C,, =C%<(Sh, , (1.7.26
0= (Sh) [ 0:5-006250 7+ )
" | +0.1250,6, —0.0104¢,6;
0.5-0.187567 +
Cs, =Cy (Sho )2 9, ’ N (1727)
+0.3750,0, —0.05201,6,

1-0.1256.-0.05736; +
. 2
CSBZ(c)f;— %Zj(ShofaoSOXb +0.01796° —0.25¢,,0, + |, (1.7.28)
P +0.10420,6; —0.0349¢,6;
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2 0.5-0.06256; +0.00260; +
Cyy :( Lo _c;gf] () &X, ° "L (1.729)
pSh +0.125¢,0, —0.0104ct .0

To pure heaving and pure pitching we shall have:

To pure heaving (3=0)

a az 2
Cy =C" {20(1+0.375a0 )} (1.7.30)

Cyy =Cyy =Cy, =0. (1.7.31)

To pure pitching (y=0,0=0)

2

c,, :c;%“[H(ShO)Z sz}, (1.7.32)
; s ap
Co ==Cyz (Shy) =5 (1.7.33)

)
Cy, = —(cﬂ - pﬂgzj(s%)z alX,, (1.7.34)
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2 2 o, l?
CM—(pibev;J{(Sho)w;Xb}. (1.7.35)

If Shy = 0.63, «,=15"=0262, 9,=0.188, and Shy = 147,
a, =15 =0262, 9, =0.63a relationship between C% and X, like
T

shown in Fig. 1.7.1.
Having the thrust and suction force formulas we can calculate the

drag force as

ce Vae oy pf ci - 22 |V, 512n 4
>y oSk ) U?
2{F. - X, V., i D, si
(72): pee e o @SS (1.7.36)
pSU, U ' U,
T . \Vicos§d _U?cosd
— 7+ Cyc ne > — c >
2 U Ul
or
CTC :CTC]+CTCZ+CTC3+CTC4+CTC5+CTC()’ (1'7'37)

For the first cinematic variant the drag force coefficients are

obtainable from

Cre1 =Cyys (1.7.38)
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Crer =Cpy ,

Cres =Cps ,

Crea==C[~(Sh, )" 8; (05-0.06255}) |,

To pure heaving

. 1
Crey =C". (O'SE]’

Crer =Cres =Cpey =0 ,

(1.7.39)

(1.7.40)

(1.7.41)

(1.7.42)

(1.7.43)

(1.7.44)

(1.7.45)

(1.7.46)



To pure pitching

where

2 2 2 2
Crez = —(Cf; 2 jig" ) X, {1—‘%(1—‘9"]}

76

Cres =Crg-

2 2 2 2 2
Y (Sh;) X, [1_ %o (1_ % H

pSh 2 s\ 24

L EShY X[ 8 %
Cres ==Cpe 2=t 1= 120

Cpey =—C [—(Sho ) 92(0.5-0.06259; )} ,

ZC(I, 2 2 2 2 2 2
Cros = | 14252 vncc)259+90(5h0) X, 1_970 1_.970 ,
P U 2 8 24

2
8
v, cozs _05
U,

[ 9 -0.62559) +0.158195 —0.01979; |.

(1.7.47)

(1.7.48)

(1.7.49)

(1.7.50)

(1.7.51)

(1.7.52)
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U; cos 9
U? cos 9 T
Creg =—C ‘:C?S -_C 20 s . (e (1.7.53)
U’ PG P
2 8 24
where
2
Uy cos§ =(1-0.258})

Uy

For the second cinematic variant the drag force coefficients are

obtainable from

Crer=Cy1 (1.7.54)
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025 0.1875
L - -
(2}“1’ H) (ZAIE +1)
(1+4,) 00172 0.1025
(222 +1) (222 +1)'
075
(24, +1)
L, 09375
2 5 (222 +1)
Crcz = CT(<2—() +(21;P+1)[1— anﬂpj ) 0.82 +
(222 +1)
0.9229
+ 4
| (22+1)
4% 1 0.5469
+(2’12:1)2(1 Cak J{O'S ' (223 +1) }
’ ’ ,(1.7.55)

, 2(Sh,) &, X,
here Cp.,, = [C;‘( _2 jw
pSb) 2.[(222 +1)

Cres =Crs (1.7.56)



Cres =

here

CT(‘A—() ==

To pure heaving

79

075 09375
(225 +1) (222 +1)
(1-a)
082 09229
(222 +1) (222 +1)'
0540546
| (22, +1) 1757
Croes +(2,1,§+1)(1_a°’1”) ,_ 0564 - (1757)
(222 +1)’
025 01875
(22z+1)| (22 +1) (222 +1)
24, 0.1172  0.1025
- E 4
(22 +1) (242 +1)
V2(Shy) 4
(22, +1)(242 +1)
Cpoe =[1+ 2C5?Jc,5, (1.7.58)
T
Croa=Che- (1.7.59)
Cro = c;;(o.sizj, (1.7.60)
ﬂ’P
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Cry = Croy = Crey =0, (1.7.61)

2ce
Cres :(I‘Fﬂ J[O-Slz}» (1.7.62)
T Ap

CTC() = Crg- (17.63)
To pure pitching

2 2y 2[ 2 2
CTC1=C;.W 1—%[1—%} . (1.7.64)

* pSh 2 8| 24

2 2 M 2 2\
Cres :—(Cd —2/122}730 (Shy)" X, l—g—o(l—goj , (1.7.65)

2 2 B 2 2
%z—%% f%"[lff—zj, (1.7.66)

Cres==Cx [~(Sh,)" 8; (05-0.06258; )|, (1.7.67)
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a (2 . - a 2 2y 2 2 2
CTC5=[1+2CWJ{VH COSv9+l9(,(Sho) Xb []—%(l—ij}}, (1768)

% U 2 8

where
v, cos § 2 4 6 8
o =0.5[ 9 —0.62559; +0.158195 —0.01975; |.
0
U} cos 9
U? cos 9 T
Cos
Creq =—C—5—=—C S . e (1.7.69)
0 +"91J(Sh0) X, 17& ]7&
2 8 24
where

U} cos 9
Us

=(1-0.259;).

For the third cinematic variant the drag force coefficients are

obtainable from
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Crei =Gy (1 770)

) 2 3
Cres = —(c; - p’;zzj[(Sho) 9,%,(0.58,-0.06259)) ], (1.7.71)

Cres =Cp35 (1.7.72)

Crea=Cl: [ (Sh) 9,(0.59,-006258))], (1.7.73)

2C¢
Croe= [1+ ]c (1.7.74)
T

Cres =Cre- (1.7.75)

To pure heaving
Cper = C2 {%(ao +0.620 + 0.32a§)} , (1.7.76)

Croy =Cre3 =Crey =0, (1.7.77)

a

2C 2
Cyes —[1+ﬂj["§)(1+0.375ag +0.13a3)}, (1.7.78)

T
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Creq =—C(1+0.50; +0.250;). (1.7.79)
To pure pitching

2 g2y 2
CTcl :Ca (ShO) l90)([1

Lt (1.7.80)

2 4
. 8 (Sh Y X, g 1-0.12597 +0.00529; 1780
o 2 " ose )| %t oosmgz) |
p . (1-0.08339;)
Shy) 92X,
CT(:3=—C;'7( ")2 0%h 0 (1.7.82)

Crea =Cir[(Sh,)" 8,(0.59,-0.06255}) |, (1.7.83)

20" 2 292y 2
crcs_[1+c»"°']b+(Shﬂ)2‘90Xb } (1.7.84)

T

Cros=—C. (1.7.85)
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1.8. The power and efficiency design formulas.

Let’s recall that common formulas to wing efficiency calculate has

the general form as equations (1.3.1) — (1.3.3):

N

_ A 1.3.1
n== (1.3.1)
Here
4. =Fu, =Y | 2P (13.2)
: 2 | psug
and
— 3 FV
Po=F V. Mo =L 20l M0 | 53
" : 2 pSU,  pSU,

Formula (1.3.2) is the wing useful power and equal to the product of the
thrust by the flow speed. The wing thrust is determined by the formula
(1.4.1). The parameters in the right-hand side of the formula (1.3.2) are
determined by the expressions (1.2.7), (1.3.4.) and (1.3.5). With
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allowance made for V, cos6, =V, sing, the first term in the right-hand

side of the formula (1.3.3) can be obtained as

d(v, cosd
: 7 Ve o )+
pSU,; dt
v
U; cosa,
2F.V, .2 i 1.8.1
B Y e Aoy ¥,V e O _ ( )
pSU; * pSh U cosa,
) in6,
PV Vb iy b Sl
© Ujcosa, - © Ujcosa,
2
7 sing+ Zecv sing
us " u;
If angle of attack is small it can be conceived of as cosa, =1.
The second term in the formula (1.3.3) can be conceived of as
mbv, Uo, b ie
s 3 zc 3 -
2M o, U U
= ' ’ . (1.8.2)
pSU; o, DU o b oo,
R S A

Let us obtain the design formulas for the first cinematic regime
(1.5.1) and (1.5.2) when the phase angle by which the pitch motion leads
the heave motion is arbitrary. Formula (1.3.3) can be envisioned as the

sum of the power coefficients
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2F;chw 2M . o, _ [Cm +sz + Cm +CP4 + CPS + CP6 +

pSU(:; pSU(; +CP7 + CPX + CP9 + CPIU + C‘P]]

J. (1.8.3)

The power coefficients in the right-hand side of the formula (1.8.3) take

the form

(Shy )9y s
- 24, cosrp(l—O.SBO )—
Shy) 92X,
7(0)%(1 ~0.625 +0.1048 )~
Shy )" 92
—wsinwcm(p(l—o.%%@;)—
TS ] (1.8.4)
pSb | (Sh) %X, . (3-1259 +
——SIn S . +
84, +0.339; sin” 2¢
0.33(Sh,) 9 .
+——————SIm@ecosep +
a2 peose

Sh,) 96X,
+7( ) S, singcos’ @

In the case when ¢ = ” we have
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Sh,) $X,
—(“)7‘)”(1—0.625902+0.104904)—
22, 2
”:psz (Sh,) %X, -(183)
— T (3-1.259;)
84,
1 .
7[1—0.12519”2(1+251n2(0ﬂ—
;
Shy )9, X,
—&sin(p(l—o.1253§)+wcos¢+
27, A
1+0.1259; -
cos’ @ +4sinpcos’ @ +
L] (Sn) X ol onem
Cp, =Cl 1+ 2 _0'119; +11sin” pcos” ¢ + -1.(1.8.6)

+20sin’ pcos’ p +
+3sin* pcos® @ +sin® @
Shy) X,
—Msin(p(l—()ﬁ&%z)#—
42,

Sh,) 9 x,}
+7( o) X, singcos’ ¢

In the case when ¢ :% we have

1 3
- (170.375,93)7ﬁ(170.1259§)+

2
P P

(Sh) g (

Cp,=Ct 1+0.1259; - 0.1049, ) - (1.8.7)

(Sh)' %x,

L (1-0.333397)
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—(S;IO/I)SO cos¢(1—0.25.902)—
-
h ) FX
5 7(30)7“”(1 11258 +0.6258; ) -
cm:[cfﬁ 422] 2 L (18.8)
2 sing(1-0.9179; ) +
84,
4
+(Sh°)'90 sin® pcos g
In the case when (,/)=% we have
2 g2
5 —%(1—1.1259§+0.625‘9§)—
cpsz(cjc— ”;2] - . (1.89)
PSB)1(Shy) %X, 2(1-0.9179;)
84,
h) $X
(Sh°)90005¢+(S°) % ~(1-0.1259; ) -
2, 2
2 93
X,
_(Sh) bsin¢cos2¢(170.08333§)+
Cpy =—C* A -(1.8.10)
X
+(Sh°8)i =" cos 20 (1-0.08339; ) +
P
3 g6y 2
X,
+7(Sh°) S X, sin® pcos’® @
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In the case when ¢ =% we have

(Sh) 85X, (1-0.1259))-
2 A
Cpy =—C" (1.8.11)
c —7(Sh")93X”(1—00833.92)
82, ' 0

2 g2
Cps=C2 {(Sh(’z)g"(l—o.lzsgg )J
. (1.8.12)

In the case when ¢ = Z this coefficient is the same
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%[1 ~097228; (1-0.4c05’ ) | -

P
2

,49#[1 +2sin’ 9 —0.4179; (1 +4sin’ (D)JJr

»
3% . )
+——sing(1-0.4179 )+
8/117 ¢( 0)

. 3(Shy) % X,
82
3
. (Shy) % X,
22

P

(Sho)‘ggXb 1+3sin’ ¢ —
—————cCoS . +
42, -0.679; (1+2sin* p)

sin 2¢[ 1-0.2778 cos 29 - 0.2222.9; |+

2.2
sin” @ cos @ —

() $X7

ing

s 20—
42, 058349 [COS ?

-0.5sin’ 2¢J

Sh) %X,
—(0)%+ 0.375(Sh, )3 8/ X, sin’ pcos’ ¢

In the case when ¢ :% we have

39 9
é(l -0.97229; ) - 4;13 (3-2.0859 )+
39
Cre =% +8/1<; (1-041792)+
Shy)’ %X, Shy) 9 X,
+(°1#(1—0.5834.902)—7( ")40 £
P

.(1.8.13)

(1.8.14)
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0.5

+ 2
8, (247 +1)Sin(p (22; +1)

+
C,, =C ’ 0.1259° [1 + 20667 e (p]

(24; +1)
(Shy) % X, ,
+=— 2 sin 2¢(1-0.08339; )

(1.8.15)

In the case when ¢ :% we have

9,(222 +1
CP7—C{ (2 + )[H( 0.5 —0.12593[1+ 0‘62667 H}.(l.&w)

42; 27, +1) (227 +1)

9 [1 O ]
oy LB

Ccos +
2\/5/113 @ 1+
019} 42+3 .,
+ sin” @
(227 +1)
Cog=me (Sh)%(222+1) (1.8.17)

+———————=sin" pcosp —
8422
(Shy) 9

————————sin2¢p+
822,247 +1)

(Sh,) 9 X,(247 +1) 0.25
1+ cos2¢
224, (222 +1)

+
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In the case when ¢ =% we have

* 222, 222 +1

e {(Sho)z.goz)(b (222 +1) [1_( 0.25 )];.(1’8'18)

Shy)" 9, Shy)
7( ) & singo(1—0.1259(f)—( ) % sing —
Cp=m| o 84, . (1.8.19)
2 q2
—%(1—0.1259;)
In the case when (p=% we have
(Sh,)" &

2
M(l—o.us%)— -
Cp=mt| 1 (1.8.20)

2
—%(1—0.1259;)

Sh ) & (247 +1
Cmo:_mwf( 0) % ( P+)|:1+(0.125

201. (1.8.21
224, 2/1;+1)COS 4 ( )
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In the case when ¢ =% we have

Shy ) 92J(222 +1
o=z L sl 0123 1 (1.8.22)
22, (227 +1)
3 q2
C,yy =—m (Shn)zlg(’ sinpcosg . (1.8.23)
422

In the case when ¢ :% we have

Cru =0, (1.8.24)

All formulas (1.8.4) — (1.8.24) can be transformed to formulas for

pure heaving and pure pitching oscillations.

In the case of pure heaving oscillations

EQ
Il
9

3
Il

EG
Il

Cps =Cpg =Cpy =Cpy =Cpy =Cpy =Cpy; =0, (1825)

=22 (1.8.26)

In the case of pure pitching oscillations
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Shy)" FX,
—(0)#(1—0.62595+0‘10419§)—
22, 2
=2 N (1.8.27)
—fsmgpcos ®

When ¢ :% we shall heave

_ 2 {_(Sh)“

n= e 5 (1-0.6259; +o.104.9;)}. (1.8.28)

[1+0.12597 -
cos’ p+
) +4sin @ cos’ @+
+7(Sh0) X +11sin’ pcos* o+ | |+
2 0.1048" peos @

Cp, = C?L +20sin’® pcos’ o + (1.8.29)

+3sin* pcos® @ +

+sin’ ¢

: 5
sin ¢ cos
3 4 4

When ¢ =% we shall heave
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Shy)' $X,}
Cpy=C2 {(‘Jz"b(1+o.1259§—0.1o49§)}. (1.8.30)

2 q2
M(FIJZS% +0.6259) )+

cm:[c;—igz;] o, (1.8.31)
When (p:% we shall heave
Cyy :[ci, - Z%Zj{—W(l—l.lzsgg +0.6259; )} (1.8.32)
(Sh) X, (1-0.1259))+
C, =—C* 2 . (1.8.33)

P4 = " “e 3 602
+7(Sh°) %X, sin® pcos’ ¢

When ¢ :% we shall heave

2 g2
Cpy=—CY {W@—O.l%% )}. (1.8.34)
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2 g2
Cps=C {(5%2).90(1 ~0.12592 )} (1.8.35)

When ¢ =% this coefficient is invariant

Shy)" 9,
Cpo= 72[{_(0)40”+ 0.375(Sh, )3 93X, sin’ pcos’ (0}. (1.8.36)

When ¢ =% we shall heave

0.5

oo
9, (222 +1) (22 +1)
TSIH({)

+
C,,=C 0.1259; {H(Mzﬂ)sm ‘/’J . (1.8.38)

P

(Shy) % X,

¥ sin2¢(1-0.0834; )
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9,(22; +1)
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0.5

Cp, =C{

+

+

When ¢

_a
CPX - mzc {

(Shy) (245 +1)

(Shy) % \J(247 +1)

8322,,(222 +1)

{1

’ (227 +1)

‘9{1+

cos
-0.19;

42}

2022}

8242
(Shy )92

> sin2¢ +

2 q2 2
0 J +
(Shy)" 9 X,\J(247 +1)

—0.125.9;[1+

0.25
(247 +1)

1+
4%, +3
(22, +1)

sin” pcosp —

222,

™ we shall heave

1,025
(2/1

- 1) cos2¢]

(Shy) 9 X,/(227 +1)

2
P

0.6667
(247 +1)

0.25

] o

sin’ @

(1.8.40)

224,

[l_

(242 +

}} (1.8.41)

1)
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hy )’ hy) 9
(S%) 5 sin(p(1—0.125302)—(s "2 % sing —

a P P

| (sm) g
,#(

Cpy=m

1-0.12597)

When ¢ :% we shall heave

(Shy)" & -

2
%(1—0.1259@)—
Cpy =m, 2 r

zc 2 5
—%(1—0.1259&)

Cppg=—m

, (Shy) 822 +1) [, 0125
zc 2\/5/1[) (

When ¢ :% we shall heave

Cpio =—m

o (Sho)zgn2 (2}.,§+1)|:1_ 0.125
( .

2\24, 22, +1)

Cpy =0

. (1.8.42)

(1.8.43)

. (1.8.44)

(1.8.45)

. (1.8.46)
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We are coming to the second variant of the cinematic parameters
(1.5.3) and (1.5.4). The design formulas (the power coefficients when

y=y,sinot u a =a,coswt) are derivable from common formulas (1.3.1)

—(1.3.3) This variant is rarely used in the wing investigations. Because

of this, we shall restrict our consideration to the case when ¢ = %



where

P =

Pl

100

0375 04688

(225 +1) (222 +1)’

v 2|, 04102 0dels |

ez (222+1)
P P

L 0283 015
222+1) (222 +1)

| (%)

0.5+

0.375 0.4688 0.4102

2 + 2 3
(22;+1) (223 +1) (242 +1)
) odels 02283 o0

(222 +1) (222 +1) (222 +1)

054+ 0.5469 +

32 420, Ay (2}“1E + 1)2
(22+1) |, 0.564 , 03494
(223 +1)" (242 +1)’
0.125
(247 +1)
L 00938 00586

(222 +1) (222 +1)

+

+a, (2&,3 + 1)

0.75 0.586 0.8204

—a,| 025 -
" 2 +1) (2221 (22+1)

L 025 01875
air, (222+1)]  (22+1) (222 +1)
N 2 L 01172 0.1025
(222 +1) (222 +1)'

,(1.8.47)
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2, \2(sm)'x,

4 N S
"pSh (222 +1) (222 +1)

0625 1094 123
(22; +1) (222 +1) (242 +1)
1692 1482 14

(2+1)" (222+1) (243 +1)
L0125
+a0(2/1}§+1)3 T (2 )

S (ShY x2| 00313 00117

S (21§+1)2+(2,1,§+1)
5, 0378 04688
ao(21§+1) (2113+1) (21j+1)2
Ap 0.41 0.461
+ 3+ :
(22, +1) (242 +1)
05, 05469 0564
| (222 +1) (222 +1)
43|, 03494 0157
(222 +1)" (222 +1)

3

(22 +1)| 02344 01538

4% T () (22241)
0833 2,052
0.5- -
3, (222+1) (222 +1)
Ah,| 164 2068 198

(222+1) (222 +1)" (222 +1)

>

(1.8.48)

(1.8.49)



where

Cpy =

P3

102

o W2(Sh) X,
") J2ai+)

P2

@y =2 05469 0564
S+ +

(22:+1)] 7 (22 +1) (222+1)'
0375 04688

(242 +1) (222 +1)

L, 041 0dels
(222 +1) (242 +1)’

0375 04688 042
(222 +1) (222 +1) (242 +1)

04615 _ 02283 015

(222 +1)° (222 +1) (222 +1)

0.5+

+2a,,

o, (225 +1
LR 0125 0093 |

Zp (247 +1) (222 +1)°
05 05468
Lsa,|  (22+1) (222+1)
. |__05468 0564 -

207 +1 24} +1
(22 1) (22 +1)
03125 0.5469
2 + 2
o (22; +1) (243 +1)
2 (222 +1)| 041 0564
(222 +1) (222 +1)

+

(1.8.50)

, (1.8.51)
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Apy =(Cﬁ —Zﬂizj( */E(Sho )2 2p X,

222 +1) (222 +1)

0.25 0.1875

ez +1)+(2,1,2, 1) :
L, 01172

0.1025

where
"~ pSh
a2 (222 +1)
2
+(2a2y —1){0.5 +
Cry = Apy

(222 +1) (222 +1)

0.5469

+4a,A, (247 +1)

where

0234 01538
(222 +1) (222 +1)’
0.375  0.4688

0.564
2 7+ 2 7|t
(227 +1) (242 +1)

(222+1) (222 +1)
041 04615

+ 3 4
(22, +1) (242 +1)

(1.8.52)

, (1.8.53)



where

Ps =

PS5

104

P V2(Shy) 2.,
T ey Jeaa)
0375 04688 041

(2x+1) (222 +1) (222 +1)

0.4615 0.2283 0.15
+ +

+

all, 1.64 16919 09131
+ +

(222 +1)’ B (222 +1) (222 +1)’
05, 0-5469
! (222 +1)
(227 +1)| , 0564 0.3494
+ T+ 3
(22, +1) (24 +1)

025 01875
o, (222 +1)|  (22+1) (222 +1)
a7, | __0172 01035

(222 +1) (222 +1)'

1.5 1.64

(222 +1) (222 +1)

4y (as) (22241)
L0568 032 014

(222 +1) (22 +1)" (222 +1)

(1.8.54)

,(1.8.55)
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2
P 2W2(Shy) 2,

(1.8.56)

(05, 05469 0564
' +(242 ) (2ze) :
1+ ! i !
[ ]+ 03494 0157
6 8
, ,
(22, +1) (227 +1)

r 0.2344

0.5+ 5

(227 +1) (247 +1)
4|, 01538 00375
| (222+1)" (22 +1)

a, (222 +1) 0.5 0.1094
+ 5 . 1.5+ p - 3
8(Sh, ) ALX, (222 +1) (222 +1)

Coom iy, 1 , (1.8.57)

where

(222 +1) (242 +1)

(1.8.58)

T
P6 T o
2

Cpy =

(22 +1)[ 1 a(’][O’ﬂ( 0.125  0.0316

A AN _ 1.8.59
< V222 4 227 +1) (2,1,§+1)2} ( )
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025 01875
(227 +1) (247 +1)
0 onm 00
(222+1) (222 +1)

L 075 09375

P (2242 +1) (242 +1)

(223 +1)|, 082 09223

(222 +1) (222 +1)'

Cpy = Cpoo |+ , (1.8.60)

025  0.0625
az(Zl,Z,Jrl) (21ﬁ+1) (2/1;+1)2
* 42, _0.0234  0.0146

(222 +1) (222 +1)'

here

Gt oy (Sh, )’ {1_ o (222 +1){1_( 0.5 )}} (L8.61)

247 +1
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L 05 05
(2/112’”) (2/1;+1)2
L |, 0375 0375
(222 +1)| (222+1) (222+1)'

+

Cpyg =—m? (Shy)’ 0aas 0412 , (1.8.62)
+ - 5 + - 6
(22, +1) (224;+1)
% ol - 0.5
A 42| (24+1)
C,, =0. (1.8.63)

The design formulas are derivable from common formulas
(1.8.47) - (1.8.63)
To pure heaving oscillations this formulas are invariant because

foil pitch angle is absent.

To pure pitching oscillations

c,, ={_ o (g Y X,,a(f}, (1.8.64)

Cpy =Cpy =Cps =Cpg = Cpy =Cpyy =Gy :0’ (1.8.65)
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2
C,, = {fc;; (Sh) X, “70} (1.8.66)
Cpe = {m;; (Sh) X, “7} (1.8.67)
2
Cpy — —mit %0 (j”O) (1.8.68)

We are coming to the third variant of the cinematic parameters
(1.5.5) and (1.5.6). The design formulas are derivable from common
formulas (1.6.3). In this case the wing pitch angle and the angle of attack

are harmonic. Heaving oscillations are non harmonious. We are

. . T . .
confined to the consideration of the case when ¢ =3 (as in the previous
variant).

The time derivative of the heaving oscillations is (Prempraneerach

atall, 2003)

%=U0tg(¢x+9), (1.8.69)

The power coefficients in the formula (1.8.3) will look like



here

Cr =Crig

P2

109

[-0.5+0.312592 —0.19; +0.01259° —
1 (0.5, +0.1256; +0.04176; —
_90(—0. 1875920, - 0.0521926; — 0.0182926] ] -

~0.3759,0, - 0.06249,6: —0.01569,6; +
+0.15629:6, +0.0326 926 +0.0180; —

~0.03269:6, —0.0076936; +
0.5-0.187592 +0.04699; +
6, | +0.12502 —0.0938920; +
9| +0.02938:07 —0.01560; +

=%, +0.04179,0; +0.01049,0; —
(Sh,)’ 92X,* | -0.08339;6, —0.017496; —
6, | -0.00499°6° +0.016356, +
+0.00389:6; —0.1259 +
| +0.05219

+0.0146926; —0.00519:6;

2(Sh,) 92X,

C. =
P1-0 /’122 pr

0.56, +0.256; —0.1875926, —0.1042926; —
-0.0516926; —0.59, —0.1259,62 —0.0417.9,6; —
+0.06259 +0.01749267 —

[-0.5+0.062597 +0.259,6, + |

~0.5+0.18759> —0.05219¢ +0.00769° —

+0.013926 —0.00469:6; +0.00919:6;

, (1.8.70)

,(1.8.71)

Cpy = Cpy | —0.1259,6, +0.05213;6, —0.0195936, + |, (1.8.72)
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here

s 2
CP.H» = (Cyc - /j;;)j(‘gho )2 '902Xh

~0.5+0.06259 +0.1259,6, +
Cpy ==C% | =(Sh,)" 91X, | +0.02089,6; +0.00529,6; — ||, (1.8.73)
-0.01049.6, —0.002296;

9,(-0.5+0.06259; ) +
Cps ==Co 1 (Shy)" 9y |+, (~0.5+0.18759; ) + , (1.8.74)
+(Sh,)" % X,7(0.125-0.02879; )

0.3759,0; +0.3138,6; +0.20059,6, +0.3759; +

0.3759,0, +0.06259,0; —

3 303

() B o oomesia . |

-0.2597 +0.10429; —0.01528% | ¢, (1.8.75)
-0.1563%,6, +0.06834,6; +0.08619;6; —
-0.268;6; —0.759;0; —0.41669:6; +
+0.52089, 62 +0.30384,0; +0.15489: 6 —
-0.10648°6; —0.06389°0, —0.03329°6;

P7

C[0~59090 +0.59,6; +0.35429,6 +0.20669,6, —

- , (1.8.76)
-0.0625926, - 0.06959:6; —0.0517.9:6;
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0.5+0.062567 +
Cpy =m2 (Shy)’ 92X, 0 , 1.8.77
= (Sh) & b[+0.0139:—0400169§ ( )
, 0.5+0.12502 +0.04176; +
Cpo =mS, (Shy) a8, L c ] (1.878)
+0.01486° +0.00366
2 (054012562 +0.04176; +
Cpyg =-m2 (Shy)" & ’ o, (1.8.79
o =1 (Sho) °(+0.01480:+0.00369: ( )
1-0.08339; -
%
. (Sh) 9 x : ;
CP“:—mf”;M 0.1668% _0.0417% 4 |. (1.8.80)
: 4 9 3
0 0
+0.259,0, +0.0529,6;

To pure heaving

Cp1=Cpy =Cpy =Cps =Cpg = Cpy = Cpg = Cpy = Cpp =Gy = 0, (1.8.81)

Cpy =Clarg {0.5+0.2507 ). (1.8.82)

ye

To pitching (y=0,7=0,0=0,9=-a) we shall have
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2(Sh, ) 92X,
Cp =y %[—0&031259@ -0.1'], (1.8.83)
Cpp=C {—(Sho)z X, [—0.5+0.0625302]}, (1.8.84)

. -0.5+0.18759; -
Cps :(Ci _2%2J(Sh0)2 ‘902Xb ’ ’ (1'8'85)
* pSh -0.05219; +0.007695

Cpy=Ci2[(Shy)" 8%,(-0.5+0.06258}) |, (1.8.86)

~0.1259, +

Cps ==C%{(Shy)" 8, C(Sh) B X
0 0“*b

h

,(0.125-0.02879; + |, (1.8.87)
+0.00339;

Cpe :%{(Shl,)z 92X, (-0.258 +0.10428; ~0.01525; )} (1.8.88)

c, =0, (1.8.89)
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Cpy = T , (1.8.90)
="l h) e, (1.8.91)
m? (Shy)’ &
Cpy=— z<(2°) Oy (1.8.92)
4 g4
C,, =—m® M(I—O.%B%) . (1.8.93)

1.9. The rigid wing inductive reactance.

Before we evolved the mathematical model of a flat and rigid
wing with different form and aspect ratio when pitch-axes location varies
and heaving and pitching amplitudes are sufficiently large. A peculiarity
of this model is the usage of the first order aerodynamic derivatives
coefficients and cinematic parameters. To calculate the thrust and
efficiency the design formulas were derived. These design formulas

involve the induced drag which will look like (upper estimation)

2
¥ < prSv, ’

< (1.9.1)
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The designations in this and other formulas are given in parts 1.1. and

1.2. this book.

Induced drag coefficient looks like

T
Cy =52 V2. (19.2)

In this part we shall obtain the design formulas for more precised
evaluation of the rigid wing induced drag. The general formula for the
rigid finite-span wings induced drag will look like (Romanenko E.V.

Pushkov S.G., Lopatin V.N. 2009)

X, =pﬁjb(z)u*(z)(vn—u,,(z))dz. (1.9.3)

Here b(z) - the wing chord, u,(z) - the velocity induced by the wake, /—
the wing semispan. It is believed that 5(z), u,(z) and v, do not depend

on z when high-aspect-ratio (or infinite in size) wing oscillates. Upon

integrating with respect to the span (z) formula (1.9.3) will look like

X, =2prlbu, (v, —u,). (1.9.4)
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Induced drag coefficient will look like

=22 ). (1.9.5)
pSU; U

In this formula u, - the unknown term which can be obtain from the

lifting force expression

Y, =-A,v, — pUl = -2V, —pUﬂb[vn —%b—u*]cosa ,(1.9.6)

On the other hand the lifting force expression in the linear

approximation will look like

pUZb a Va a ‘)rlb . wzb @, d)zbz
Y, :T[_ U_CJ” o +Cy U +Cy 2k (1.9.7)

We equate two right-hand parts of the expressions (1.9.6) and
(1.9.7)
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2 v b 2
pl; b[fc;’ —:; -ct :;2 +Co —“Zb+c;¢r “Z/lz ]:
(1.9.8)

b
=—A,v, - pUn’b(vn —%—u*)cosa.

The left-hand side formula (1.9.8) includes four members

containing four variables: v,,v,,0.,@.. Let us suppose that u, also

n*"n’

includes four members u, =u, +u, +u, +u,and each member includes one

of the four variables. In this case formula (1.9.8) will look like

pUzb 3 vn a an @, wzb @, a.)zbz
) [_Cy E_C.v U? +Cyr U +Cy' U’ =
(1.9.9)
b
=-1,v, —pUﬂb(v” — a); —u, —u, —uy —u, [cosa.
Further we can write down
b a
zb(v, —u,)cosa = Ev”Cy , (1.9.10)

ﬁb[wzb+u2Jcosa=U—bCf’f&b, (1.9.11)
4 2 U
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pU i Vb
bc}‘ Uz ’

=,V + pUrbu, cosa = —

2 . . bZ
pUrbu, coso = %bCJ“ a;}—z

From the formulas (1.9.10) — (1.9.13) we can write down

u, :(17 ! Cy jv,, ,
27w cosa

=202 _co
> 4 \zcosa ’

u3:V7n @_éc)a
Urncosal\ pb 2

>

. 2
@.b" @,

U, =——"————
4
27U cosa .

Further we can write down

(1.9.12)

(1.9.13)

(1.9.14)

(1.9.15)

(1.9.16)

(1.9.17)
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. . .2
“ =, - v, 4 w.b o _ w.b N AV, _ v,b cit a,b
2r Y 2m 7 4  prbU 27U 7 27U

c*. (1.9.18)

After conversion of kinematic parameters from the arbitrary point

to the wing center this formula will look like

Ve ra Cl)zb , C()Zb + ﬂzzvuc _

ib . ob
Uy = Ve =5 O+ ——Cl = e 5 [
2r 0 2m 4  prbU, 27U, * 27U, "

Previously we obtained the formula for the wing thrust (1.2.10)

S ) .
— s |G +b [Ci - /;7;7 j\}"c sing, —Ciyb* @, sin 6, —
=1 - - p

F, = > .(1.9.19)
-bCr oV, — X, cos - CU’cos§
This formula can be expressible as a thrust coefficients sum
Cr=Cp+Cpry+Cpy+Cpy +Cpi+ Cp. (1.9.20)

One of the thrust coefficients which includes the induced drag will

look like

_2X, cosd

1.9.21
oSU? ( )

s =
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This formula (1.9.21) with formulas (1.9.4), (1.9.5), (1.9.18)

would be expressible as

vnc wz

D,v.. cos9+D,v, @, cos 3+ D, cos 9+

™z
c

A V.0 —
+D‘,%cos.9+D5 ';CJ Zcos 3+ D, @’ cos 3 +
1 ¢ ¢
CTS _—F - o) - a) . (1.9.22)
oN0) v v,
| D,—==cos 9+ D, 2008 3+ Dy——*cos 9 +
U,

c ¢ c
-2
,
+Dy,—5cos§
U,

.

1.9.1. The harmonically oscillating wing induced drag

Let us investigate the common case when the infinite wing executes a
periodic heaving and pitching motion when phase angle by which the pitch

motion leads the heave motion is arbitrary. In this case y=y,sinor and
9 =9, sin(wt +9).

The variables in formula (1.9.22) are shown in part 1.2.

v, =V, cos3-U,sinI+ao.x, (1.9.23)

Ul=V.+Vg, (1.9.24)
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V.=U,-w.xsin9, (1.9.25)

V.=V, +o.xcos$, (1.9.26)

whereV, =j(t), o, = 9(t), »(r) - wing linear oscillations.

z

The formula (1.9.22) can be expressible as the coefficients sum

CTS — [CTSA + CTSfZ + CT573 + CT574 + CTSfS + ) . (1 ‘9.27)

+CT576 + CT577 + CTS*X + CTS*‘) + CTS*]()

The terms in the right-hand of the formula (1.9.27) will look like

(here it can be assumed that U2 ~U7 +V}))

| [1-0.3759; (1+2sin @)+
227 | +0.09389; (1+4sin’ )

3
—A—Osin(p(l -0.8759; +0.269; ) +

P

2

Cps, =D, +97°(1—0.625.9§ +0.1589;)+ ,(1.9.28)

Shy) 9, X,
+(0])L7"hcos(p(l ~0.2597 +0.03128; ) +

P

2 2y 2
+M(1—0.1259§)
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where
a |
D, ={Cy([l—§cﬂﬂ. (1.9.29)
%cosw[l—o.%gg (1 +2sin’ (p)} +
Crs,=-D, (ShP)Z . (Sh )'93 S (1930)
+¥(1—0.125‘9§)+ 0720 sin® pcos @
2 4b2A,
where

1 1 V4
—CLCs ——C% - C +=1.(1.9.31
Leicn -3¢+ 5 J(1931)

D, =



where

Crs3 =—D.

w

122

f( )23

singcos” ¢ +

222 +
RREICID T 9;[1+0'225]_
24 +1) +
2b2,/2,12 (24
—-0.69

2 PAX
7\/—(%0) X, sin2¢| 9; 1+70'225 -
422 +1 (245 +1)

0.25
‘9 2
«/E(Sh smgo 2}“ +1)
26?222 +1 _0393[1 4,12+175 . ]

025
V2(8h ) 1-
— 21 +1 -
2b° 2ﬂ,z+l
-0.59; |
N2(h) A X, in2g| 82| 1025
2b* 212+1 2/12+1

cice —C“'

ye T ye

n-v(L

,(1.9.32)

) (1.9.33)



Crss =—D;

\/E(Sho)‘guz c _ 0'225 —0.375302 -
2b[(222 +1) (242 +1)
_N2(sn) 8%, S0 g5 |4
2b (242 +1) (222 +1)
J2 ()8, 025 .
L V2(5h)8 ; ~08759 |+
wfor) L @)

Va(sh)% [_ 0.25 ]

: (242 +1)
8by(22: +1)

~ \/E(Sho).%zlpsinka .
8(247 +1),/(222 +1)

sin2¢(1-0.259; ) -

+\5(s;,0)2,1,,xb g, 0258
2 \/m P22+
\/E(Sho)2 4, X, 0.25

. sing|1+————0259 |-
2 1) (222 +1) !

\/E(Sh() )2 ‘9th : 1 ] 2

sing|1- cos” ¢ |—

% m (227 +1)

V2(Sh) 4,5, {92 0258

me Co(222+)

)COSZgo— 0.59;} +

cos2¢p — 0.25.9;}

(1.9.34)
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where
D, - [2’1222 ce —fc:;c;+cu “ﬂj (1.9.35)
prb pb
2(Sh)) &
Msiwmw
4b2,/(24; +1)
2
+7\/§(Sh°) 4 sing| 1+ 0'225 -
20 \[(222 +1) (247 +1)
_x/E(ShO)2 9 singcos’ ¢ s 1 .
807227 +1) (247 +1)
J2(sh,) 8
Crss =D, F——— 2 2 sinpcos2p—
7 s 2 )
0.25
2 92 1— —
_ */25(5’%)2 A ocostp| (222+1) |-
26 \[(24; +1) 0259
0.25
2 g2 1+ -
REICIY I A R Y I 1.9.36
2 2
20 \J(223 +1) 02582 » (1.9.36)
V2 (Sh) 22X,
sin 2@
86 (24; +1),J(24; +1)
where

D, :bz(féc}"ﬁf lcgc;g T%Ca]' (1.9.37)
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Crs¢ ==D;

(Shy)" 82

bZ

(1-0.1259;),

where
1 . 2 1 . ﬂ
D, = b’ [—%(cﬁ—) G ‘g}'
3 g4
Msin&pcos 20+
16,(24; +1)
0.5
CT577 = _D7 s (211% + 1)
+Msin2(p cos2¢p+
4242 +1) 0259 1
+
(227 +1)
where

D7:b3(

1 1

@, 10, @,
GG 56 j :

(1.9.38)

(1.9.39)

,(1.9.40)

(1.9.41)



Crsg=—

where

o0

126

(Sh) % c0s2p | (e
207 (227 +1) (o)
2(Sh)" 85 |,

16b° (227 +1)| 4(247 +1)

sin’ 2(/)} -

ng| 1+ —22 037592 |+
(242 +1)

(Sh, )2 % A, singcos’ ¢ 1-
b’ (247 +1) (

2(Shy) 92,
_ Si
b’ (247 +1)

LD 17 |+
222 +1)

so| 14— _0.759° |-
(222 +1)

-2

3
R A Ly
20 (227 +1)

b* (222 +1)

-0.(3)%
Shy)' A
+(20) 0% 1 93€0520 ¢ 3752 |4
p(2p+1) (222 +1)

2
. (Shy) 1405 |
B (222 +1) (222 +1)
3
G A
b* (247 +1)
+(Sh0)4‘902ﬂ'°2X”2 1+ 05
b (222 +1) (247 +1)

cos2¢ — 0.5.902}

(1.9.42)



Crsy =—D,

where

127

prb’ p'rbt 27

D, = |:2j~zz Ca'z’ 2(?22) —I(Cfc)z}.

(Sho)3|90,lpcos(0 e 05 osgr |-
b’ (247 +1) (227 +1) 0
(W) G pcosp+
267 (227 +1)
; cos2¢p+
Mcosq) cos2¢—0.339;| | 025cosdgp ||+
4b* (227 +1) (Z;Lz +)
;
p— 1 —
(247 +1)

(Sho )3 195/1,,

222 +1

+2b3(2,1;+1)sm peoe _0392[1 0.5(1+sin’ p) ||
: 0
(227+1)

(m) 54 {

+
+

20 Hw}
267 (227 +1) (227 +1)
(Sb ()23"/”)( cosz(p|:l+(2/§§5+1) 037532}
(10()255 ‘3)’ sinz(plil—(zzz’il)—o.375302:|

(1.9.43)

,(1.9.44)
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Lg:y(—2%2c4+lxﬁc@]. (1.9.45)
T

o pr o e ye

(Sh)' %4s 0.5
C,...=-D, 1+ 201, (1.9.46
150 Cpt(222+1)| (24 +1)°0S o ( )

where
bt L \2
D =——(C*). (1.9.47
10 2”( ye ) ( )
If p= % the formula can be written
vz, cos 9 v cos 9
Cps,=-D, o = —Dl[ o +A,], (1.9.48)

where



4]
(AP

+o.5473;[

0.13795[

Here and further

4

A o
2 8

where

129

%71.556i+
-1.19| 4, A

»
+0.569

+

/1121.162/?%0.28995}

P P

3
~0844°0 0.1443;]

1
2
}“p P

2]

(1.9.49)

(1.9.50)

(1.9.51)

(1.9.52)

(1.9.53)
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01875 |
(222 +1)
025
(22, +1)

iy =1#(0.5-0587+012587) © T+ g

(222 +1)

(0.5-0.259; +0.04179; )| 1+

0.1406

+(=0259; +0.1259; ) 0.5 + O 1)2

(0.59,0.1667; +0.01679; )| 1+ (i)

025
(222 +1)
0.1172

(222 +1)°

+(0.59,-0.33339, +0.059;)

0.1406

~0.1667.8° +0.059°)| 0.5 i
+ b +005%)) +(u;+1)'

Next

VeV
ne Ve _
-D,—"~cos§=0,

0~ ¢

T5-4 =

0.1875
—_— +

(1.9.54)

. (1.9.55)

(1.9.56)



V2 (Sh) &
Crs_s =—D;s {(20)0 {Js—l +Js, +J5,3} , (1 957)
2/1p +1

where

0.125 0.0938 0.0586
0.5+ — + >+ = |+
[ (245+1) (22 41) (uza)]

s (1.9.58)

Joy =—1+(-0259} +0.04178; ){0.5 + 0-0469}

(242 + 1)2

0.04179 {_ 0.0625 __0.0195 ]

(225 +1) (222 +1)

(0.259, -0.0839; +0.00839; )| 0.5+ &692 +
(227 +1)
‘]5 2 = '90

(1.9.59)

+(—0.083!93+0.016719“5){— 0.0625 __0.019 }

(225 +1) (222 +1)
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0.125 0.0938 0.0586
0.5+ > + =+ - |+
[ (3% 1) (225 +1) (uw)]

Ty = =92, +(-02592 +0.04178!)| 0.5+ 2P T, L (1.9.60)
(24, +1)

0.04178 | - 0.02625 __00195.

(225 +1) (222 +1)
Crs_s =—Ds [(Sho )2 ‘902i|{‘]6—] } > (1 961)

where
Jo, =(0.5-0.062597 +0.00269; ). (1.9.62)
0.0,

Crs 4 :7D7U§7U‘cos‘9:0, (1.9.63)

0~ ¢

C,o\ =D, { 2(Shy ) MZ‘]} (1.9.64)

(247 +1)

where
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0.25 0.25

0.5+

0.1875

0.1875

+(=0.3759; +0.10938; )

+(0.10939; -0.03139; )

0125
(222 +1)
0.0625
+ 4
(2,113 + 1)

0.5+

0.125  0.0625

(21; +1) (21[2) +1)3

+(—0.01563§){0.125 +

0
+0.054;

(0.259, —0.145&9;)[0.5 +

~0.14589 {—

0.0625 0.0391 }
+

(222 +1) (242 +1)'

0.125
(242 +1)°

0.125

(225 +1) (222 +1)

0.0625
(222 +1)
0.039
(222 +1)’

125+

@z ) (242 +1)° ' (222 +1) ’ (222 +1)’

]+

1_

0.0625 }
+

,(1.9.65)

, (1.9.66)
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0.125
(222 +1)

0.0625  0.0091
+ T+ -
(222 +1) (222 +1)
0.125 00625
(24, +1) (222 +1)
Jys =9 4+(0.1259; -0.1049;) 0.8198 (2% +1) +1,(1.9.67)
(222 +1)

00625
(222 +1)
00391  0.0064
(222 +1)" (222 +1)

0.5+
(0.1259; —0.0529)

0.125+
+(~0.0529) +0.02135; )

Jos==29.0,J¢ 1 (1.9.68)
Jos ==82,J 1 (1.9.69)
Jio =% A (1.9.70)
05 0125 0.125

(24, +1) ’ (222 +1) B
01875 01875
(222 +1) (222 +1)’

Jo =(Shy) 9222 X, (1.9.71)
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2(Sh,)' 922X,
Cryg=—Dy| ———"L={J, ,}, 1.9.72
T5-9 91: (21‘3 +1) { 971} ( )
here
(0.5-0.12597 )| 1+ 05 _, OI8% 1,
(24, +1) (222 +1)
0.5 0.375
Jy, =4+(0.5-0.259) - - - +.(19.73)
9-1 ( 0){ (22’5_”) (21,3+1)3:|
1012592 0.5+ 2373 —+ 03125 .
(24, +1) (222 +1)
2(Shy)" 9222
Crsio=—Dyy | ———={J1os }» 1.9.74
T5-10 10 |: (2/1; 4 1) { 1071} ( )
where
Jios = o (1.9.75)

One component of the propulsive coefficient, which includes the

inductive reactance, has the following form (1.1.4), (1.8.1) and (1.8.3)
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2V, X, sind
- opsU;

(1.9.76)

Having expanded expression (1.9.76), we obtain the equation

+D,

4

+D,

9

DV, v, sin3+ D,V v, o sind+D,

17 yeVne

Vv

ye Une ‘>n(‘ . ye nca)z
————sing+ D,———
U U

¢

V.,

¢

ye wz w: . ye vm‘
+D,———sin 9+ D, —
7 U 8

¢

V.,

ye 'ne @,

2

c

-2

S—sin 3+
U
2
ye D,
2
c

sing+ Dy, sin &

Formula (1.9.77) can be expressible as

n=10
Cp6 = Z {CPH } >
n=1

where the terms in the brackets look like

Y

ne a).'

sin 4 +

¢

sin3+ DV, @’ sin 9+

6" ye @2

(1.9.77)

(1.9.78)



Cpea =D,

137

;%sm¢[3‘°(9@§@+zsmz¢ﬂ_
+%sin2(p[l —0-(3)‘902}_
,%cosqﬁ

»
+Qﬁ%;§{ﬁMn¢@-oo&&Q+

P
+%sin2(ﬂ(l_o'83‘9§)+

;

ShY $ X2
L (sh)

41: sing(1-0.839; ) -

(Shy)" 9 X,?

4

Shy) 9 . ,
( ;})L[%O sm2(p[l—1.(3)902 sm2<p]—
Shy) 9
- 0)30 cosQ +
8bA,
Shy) X
QW2:D2+L—Q—lJ%m¢0700%&ﬂ+

8bA,

(Sh,)" & X

8b&f “sing(1-0.589; ) -

(Sh,)" 9 X,

8b

,(1.9.79)

,(1.9.80)



Cpes = Ds

where

138

1
1+{2— sin® @ —
225 +1 ]

J2(8h,) 8 (22 +1)

cos* p +
—0.(3)9; | +1.5sin” 29+

+5sin* ¢

2(Shy) &

+ \/—(Sho) % |:3_ 1 ) i 2(/J:|—

o' 227 +1) [ (245 +1 "

781)24 (222 +1)

2(Sh,) & X
—wcosw cos2p+4 1—% sin’ @ |-

av* \[(222 +1) (2 +1)

2(Sh,) 94
—7\/—( ) % ~ sin2¢ —

166° (24, +1)

2cos’ 29 +

N2(sm) 954, | 05+

166\ (222 +1) || 4212 |sin* 20
J(222 +1)

Croq =D, (CP6—4—1 F+Cpsgr +Cpoas ) )

,(1.9.81)

(1.9.82)



CP6—4—I =

V2(Sh,) 8,
8bA,,(247 +1)
V2(Sh)" § X,

2 (Shy )9

16b22 (2,1,% +1

+\5(Sh0)195‘ sin 2¢ (2}“13 +1)

139

cosq)[l— 0.69; (1+2sin’ (p)] +
sin2¢ —

[cos 20 -0.(3)9; cos* (p} -

_ 19375 .,

16bA, (22 +1) | =075 G2y

a(sh) 8,

_ﬁ ,W _L“sinzﬂp

VE ()%

(24, +1)

sin2¢p| 1- 05 —0~58‘902
(24; +1)

}

,(1.9.83)



Croar =

140

\/E(Sho)‘gg 1 in?
—F————=008¢| | - ————sin" ¢ |-
8bJ(24; +1) (227 +1)
l_

2(Sh,) & X
,\/—(Shoi)zgwsinw B 1 COSZ(D +

86,(22; +1) (22 +1)

2(Sh, ) 82X,
+‘/—(Sh<>)‘%b(1+lgoj[6052go—2sinz¢]—

8b,/(24; +1)

Z
2(sh,) X,
_Mcos¢[c052¢+2sin2¢]—
8b,/(24 +1)
8bA,4/(24; +1)

cos2¢

,(1.9.84)



P6-4-3 —

1+
2 (Sh,) X, .
———2 "sing 1 2 |-
cos” @
(222 +1)

1+

V2 (k) %X »
——F——C0s¢Q sm- @ -
8by(22 +1) (222 +1)

[1— 0.125 ]cos“gp+
(227 +1)
V2(sh,) 81X, {1'25 0.6875 ]Sinz 20—
16b2,,[(222 +1) (247 +1)
S 0125,

(24, +1)sm ?

2 g3
—ﬁ(ShO) S sing|1- 21 cos”> ¢ |+
8,222 +1) (247 +1)

V2(Sh, ) 840X, N
86,/(24; +1)
2 (Sh, ) 92, X,
166(24; +1),(24; +1)

sin2¢ +

cos2¢ +
V2(sh,) & X2 {2 - J
+——————co0s¢ . |-
+ sin” @

8b[(242 +1) (2/121+1)
P

N2(sh) aX7  N2(Sh) %A.X,

- 20 +
16b (247 +1),J(24; +1) T, [(24; +1)

(1.9.85)



where

142

2(Shy ) 9
CP6—5 :Ds I
166°2,/(247 +1)
1-

V2(Sh, ) 8

8y (24 +1)Slw -

(Shy)" &

Cro-6 = D4 sz/lp

sing,

cos2¢ +

V2(sh)' 9,
———F—=CO0S

8b° /(247 +1)
Cror =D,
B J2(Shy) 92, X, | cos® 2({1 -
8b\/(24; +1)

+sin’ 2¢

(22, +1) «

cos2¢p —
~ \/E(Sho)z 9()2 cos2¢ +
8bﬂp (2}.}%"'1) 70(3)'902 + 0.125 COS4§D
(227 +1)

(1 +0.5sin’ 2(p) -

2

s

1

. 1
+sin @{2 (2/1’? +1)

|

025 |,
(22, +1)

CP678 = DS {CP67871 + CPG*S*Z + CPG*S*} + CP67874} >

,(1.9.86)

(1.9.87)

,(1.9.88)

(1.9.89)
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. 1+2cos’ @+
(h) gsing ||l
4’2, (247 +1) 0 +(Mz+l)(4cos p—sin’ p)
P

+4bzlp(2/lj+1) cos2¢ (M;H)(Scos (o+cosz(p) +

(Shy) &2, : 2
c. =1 %) %t 2 X
P6-8-1 4b2 (2/1£ +1) sme (2&3 +l) cos™ @

(Shy) 2, X,
+Wsmgp 2 sin® @
) (222 +1)

Shy) $2, X,
+Mcos¢ cos2¢p+2 1—# sin® @ |+
26 (227 +1) )
. (1.9.90)




Cposr =

L (h) 82X,

144

cos2¢p —

267 (247 +1)| —0.589;

(Sho )2 9 [

cos’ @ +

267 (242 +1)| | 0.

(227 +1)

cos2¢ + ( cos4¢p

227 +1)

singpcosp —

0.69; sin 2¢ —

9cos* ¢+
892 L
0| +8sin’ pcos¢ +

+17singcos’

Sh, ) &
4152 (;)ﬂ 11) - (22.22;)(“2“2 2([’)}

P P

2cos” ¢ —
3 4 . 2
e G e

P P ®

_msin 2¢psin® @

,(1.9.91)
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. -
+(2,1},+1)_
(sn) % x, <in2p 1+ ~
2 2
T e i
P
0.5sin’ ¢
ey
; (22+1) ]
3
—anZ(o(cosZ(/H—O 75sin’ go)
86 (24; +1)
Sh,Y %A X,
Cross = _(81720()2/124.1) n2(p(1+cos (p)
( )‘9 bz_(Sho)S‘9;}”’2’)([’3 sin2¢ +
b (22 +1)  ap? (242 +1)
(Sh) X, 2
267 (227 +1) e 1+(2A§+1)

,(1.9.92)




where

Crogs =

146

(Shy)" 2, X,

__(22,.;7+1)SI

T | o
;

cos2¢p —
(Shy )4 KX, +
—r————-cosQ .
202 (222 +1 —| 14— [sin2
i) | 1oty
I - 0.25 cost p—
(22, +1) ?
(Shy) %5 2.X, . P
L (Sh) %24,X, B _
ey Y e Y

- 4

n @

cos’ ¢ +sin’ (p(l +cos® q))f

sing(1+4cos’ p)

+1)

Crso =Dy {CP6—9—1 +Cron + CP67973} ’

+

.(1.9.93)

(1.9.94)



Crgoot =

147

Shy)' 9
) H 1o 28330 pr075) [+
8b° (247 +1) (22; +1)
cos2¢p —
h 3 4
Msin&p 025 (2008 p+) |+
16b (Zﬂpﬂ) (21;+1) +c0s2¢
3 A3 MR
X
. (Sho) S, +(Sho) %A bsinq)cosz(p‘*'

b (222 +1)

8b' (2, +1) |03

1-

26 (227 +1)

1+2sin’* o +

0.125 (2cos’ -
(222 +1)

—9sin’ @

,(1.9.95)
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M . .o 0.375
16b3(2/1,§ )Sln2g0(1+251n go) 1+(2&2)+1) +

S, )
21;3(212 ) (2/l§+1)

21;3(2/12+1)Sm(p°°S ¢ 1+(21,§+1)

_(Sh)' 82X,

8b3(2,12+1)
3)

LSh) % 2%,

Croor = sin@cos” @ cos2¢ +

KX,

b cos® g lfLsinz(p +
4b3( +1) (247 +1)
(Sh) 922X,

1- # cos2¢p—
(222 +1)
in2¢

+7zs
8b* (2/1P ) 0.75 ) , (1.9.96)
2| 1+ cos” @
(227 +1)

(h)(z%sm(a{cosko 0.5839; cos2(p}+
(Shy)" & 2,X, .

2L TP Ging 025 (cos2p-— +
8’ (U’f3 +1) _(2212, +1)[—2.55in2 240]

C = .(1.9.97
e (Sh)' 922X, ., 2 ) ( )
+———————sin" |l ————=cos” ¢ [+
4p’ (247 +1) (242 +1)
cos2¢ +
(Sh) KA X,

+——————sin2¢p . 2
8b* (227 +1) 2sin* (p[l _(2,1,§+1)]
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4 43
(Sh)' %, m[g_zsmz(p]-

) 4p* (227 +1) (222 +1) 199%)
P6-10 — 10 5 4nn 9.
—Msin 2(,0(1—0.5 sin’ go)
4b* (247 +1)
If Q=—
39,
ﬁ@ -0.97239; +0.369; ) -
39
- /1(,)3 (1-0.6949; ) +
3
Crer =D+ gj" (1-041797)+ ) (1.9.99)

:
84,

Shy ) %X,
_(0)#(1_0.4179; +0.0669; )

(3-1.2597 +03129; ) -

2 Q3
M(l_osssgg +0.0789; )~
4b2,

e n ., (1.9.100)

) )
_%(1 ~0.4179; +0.0669; )



Cpss =D;

_— +
86’4, (247 +1) _0‘(5)302[1_ 0.375 ]

+

150

K
2
a(sn)y e | (A1)

WV2(sh,) & 03

o’ f(222 +1)| (24 +1)

8b°\[(24; +1)

(222 +1)
02592 -
0.09497 | |-

(247 +1)

(227 +1)

2(Shy)" %2, X,
\/—(0)‘””’{10.3335[1 0.125 ﬂ

,(1.9.101)



C,o. =D,

*/E(S”o)z‘goz)‘b{l -0.(3)% [1 - (;ézfl)ﬂ _

8b2,(222 +1)

V2(Sh,) %X,

3\/5(Sho )Z SSX”

w22 +1)

3\/§(Sho )2 ‘9"2Xh

8b\(24; +1)

_ﬁ(Sh)SX{]

w2 )

el 0ars
0.259; [1 (21,3*1)]

71_ 0.125
(2,113 +1)

) 2,01l )
0.2089; [1 (2/1}3 +1)]
0333 _

(2,1[2, +1)

0B
(2/1; +1)
2 0.75
-0.(5)9; [l_ (21; +1)

-0.(3)9 | 1-

T
)

(=}
Nc}':'_.
[N
+ |G
—

S—
~——

,(1.9.102)
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7\5(“%“) % 1-0.(3)% 1770'125 -
86 4,(222 +1) (22, +1)
0.125
- =
_ 2(sn)' 8 (22 +1)
16b°4,[(222 +1 0.0688
Cpos = D, 2% +1) 020892[1‘( )J ., (1.9.103)
_2(sn)' % 1-0.3)8 0.125
8b°\(222 +1) "\ (22 )
4 2
N2(sm)' 4.X, T 0.125
8b (222 +1) (247 +1)
Cpe o = (Sh)" % ©(1-0.08339 ), (1.9.104)
P6-6 6 8b /1 A
4 q4
Cpoy =Dy | 2RV LX)y gafy 0425 ] g g 105
8b* (242 +1) (247 +1)



Cpss =D,
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2
_(Sh) & 1-0.5839; | 1- L
4b° 2, (227 +1) (227 +1)

(sh,) 8 {1 0.25}
K

Capa, (222 +1)| (247 +1)

L3(h) $a,x; {1_ 0.(6) |,
(

4ap’ (247 +1) 22} +1)

(Shy)' %2, X,2 0.25
+ 1- -
4p* (247 +1) (227 +1)

Shy )’ 92
X —% 1-0.58397 | 1- 0'225 +
26 (247 +1) (227 +1)

2 g3
+M 1-0.5839; | 1- 025 11,
4p* (247 +1) (227 +1)

sh) 92X}
+( 0) () {1—0.583802[1—( 0.25

26 (247 +1) 24, +1)

4 g3 2
_(Sh) %A X, 1-0.5839; | 1- 0;25
4p* (247 +1) (247 +1)

s(Sh ) & {1 o
(

! 64b 2, (227 +1) 24, +1)

I
)

,(1.9.106)
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SRS BAX | sl 025 ),
ab* (22 +1) T (244
0833 |
2
()| @A) .
W5 +1) | 3] 075
U (242+)
Cpso =D, 0.25 _
-0
(sh) i, | (451 ;
(22 41) | i) 1022
U (24
dgiary |
S AN sl 025
4b* (222 +1) (247 +1)
__0(6) _
o 3(Sh ) 94 (247 +1)
P6-10 — 10 T A 7A a2 o\
4p* (247 +1
(227 +1) 01399 | 1- 273
(227 +1)

To pure heaving

,(1.9.107)

.(1.9.108)

|

(1.9.109)
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To pure pitching

2 g4 y2
C =_DI (ShO)S"gOXb (

p6-1

1-0.4179; +0.0669; )

(Sho )2 ‘9(?Xb (

Cp6f4 =0,
Shy)' X2
Cpos ==D; ( [;;)bz [1_0'(3)’902:.>
Crs=0,
Shy) 91X,
Cp6—7 =-D;, %[170‘(3)‘%} >

(Shy)" %X,
Cpos =D, {0417;"(1 ~0.5839) ) f»

1-0.417.9 +0.0669; ) ,

(1.9.110)

(1.9.111)

(1.9.112)

(1.9.113)

(1.9.114)

(1.9.115)

(1.9.116)

(1.9.117)
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(Sh)" 9%,

Chos :DQT(I—O.SS&%Z), (1.9.118)
Cpoo =0. (1.9.119)

As an example figure 1.9.1 illustrates the calculation results of
thrust coefficients C,, and power C,,

The mathematical treatments are of the infinite wing with the pitch
axes distance equal 1/3 of chord from the wing leading edge
(X, =-0.1667), angles of attack 5° and 15°, relative heaving equal 0.75
(kinematic parameters were taken from Anderson, 1998). Other

parameters are taken from Table 1 and 2.
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Crsl Crama
Cos! Costran
1.0

05 F

0...;].:;.1....]...]

0 0.5 1.0 1.5 2.0 Sh,

Fig. 1.9.1 Relative thrust and power coefficients versus the

Strouhal number and angles of attack. 1 - C,,/C,,,, With an angle of

5 max

attack equal to 5°, 2 - C,s/C with an angle of attack equal to 15°, 3 -

T'5max

Cpo/Cpenee With an angle of attack equal to 5°, 4 - C,,/Cpq,.. With an

6 max 6max

and C

P6max

angle of attack equal to 15°. ¢,

T'5max

equal maximum associated
values.
Fig. 1.9.1 shows that the thrust and power coefficients can differ a

lot from maximum values (especially with very small angle of attack).
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The aerodynamic (rotary) kinematic derivative coefficients
measured in the arbitrary point can be conversed to the wing center using
the method given in the work (Belotserkovskii, 1958).

Nevertheless one additional remark is necessary.

The point is that in the above-mentioned work the aerodynamic
(rotary) kinematic derivatives coefficients measured with the proviso
that wing amplitude oscillation is small. In these conditions wing and
vortex wake is reasoned that lying in the same plane.

When the wing amplitude oscillation is large the wing plane and
vortex wake plane do not coincide.

In this case the Strouhal number is more correctly reported in form
Sh= a)% where U =.JU; +®’y; . This Strouhal number form was used to

obtain the aerodynamic (rotary) kinematic derivative coefficients from
the tabulated data (Belotserkovskii, 1958). In the course of
calculations it is necessary to use the Strouhal number in the form

Shy = wb|U, .

Table 1. Aerodynamic (rotary) kinematic derivatives coefficients
and other parameters (with the proviso that ¢, =5°)
Neo 1 2 3 4 5 6 7

nn

Sh, 0.2 0.4 0.8 1.2 1.4 1.8 2.0
Sh| 0.198 | 0383 | 0.686 | 0.892 | 0965 | 1.072 | 1.109
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8, | 0.062 | 0.204 | 0.4531| 0.646 | 0.723 | 0.846 | 0.895
Ap | 6.666 | 3.3333| 1.667 | 1.111 | 0.952 | 0.741 | 0.666
c* | 5228 | 4.6162| 4.065 | 3.852 | 3.782 | 3.715 | 3.697

Ci | -3.842| -1.533 | -0.035| 0.4341 | 0.5748| 0.7028 | 0.7366

ce | 1307 | 1.1541| 1.016 | 0963 | 0945 | 0.928 | 0.924

Cy: | -1.354 | -0.776 | -0.402 | -0.284 | -0.249| -0.217| -0.209

Table 2. Aerodynamic (rotary) kinematic derivatives coefficients
and other parameters (with the proviso that «, =15")

Ne 1 2 3 4
Sh, 0.4 0.8 1.2 2.0
Sh 0.383 0.686 0.892 1.109
39, 0.03 0.279 0.471 0.721
A, | 3.3333 | 1.667 1.111 0.666
ce | 4.6162 | 4.065 3.852 3.691

ye

o -1.533 | -0.035 | 0.4341 0.7479

ye

c” | 1.1541 | 1.016 0.963 0.9223

ye

c” | -0.776 | -0.402 | -0.284 -0.2058

ye
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1.9.2. The wing inductive reactance in the course of the

harmonic angle of attack.

Using formulas (1.9.22) and (1.9.85) we get inductive reactance

coefficients for the second variant of kinematic
(y =N sinwt, o = e COSa)t)
Vieosd  2N2(Sh) AAX,
Cps, =—27D, 0 =-D, - - Jois
0 (222 +1)222 +1
where
[ 4 a
—F _J . -aJ A —J. .+
(2113"'1) 5-1-1 0% 5-1-2 2(21}3_'_1) 5-1-3
a2 (222 +1) al (22 +1)
t— St s
843 (Sh,)’ X, 41,
S =

o (24, +1)
842

and

5-1-8

16(Sh) Aix,2 7 22,

+

parameters

(1.9.120)

(1.9.121)
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1.25 2188 2461  3.384
ot ~+ —+ -+
(22;+1) (223 +1)  (243+1) (243 +1)
Jsa = . (19122)
2964 2795 2.094 157
+ + + +

(222+1) (222+1) (222+1) (222 +1)

075 0938 0.82 0.923
t———+ ~+ ~+ -
(243 +1) (222 41) (222 +1) (222 +1)

T =l 457 0.3 0.16 o075 |0 1912
+— =+ —t —— .
(22 +1)  (22+1) (222+1) (242 +1)
Joos =] 0540547 . 0.564 . 0.349 . 0.157 |, (19.124)
(22, +1)  (22+1)  (242+1) (247 +1)

JSM:{ +( 025  0.0625 + 0.0234 0.01464}(1.9.125)

22, +1) (222+1) (222+1) (222 +1)

0.25 0.1875  0.1172  0.1025
Jo =1 , (1.9.126
v { +(2/1,§+1)+(2/1,§+1)2 +(2A,§+1)3 +(2/1,§+1)"4 ( )
0.5 0.1094  0.0469  0.0286
Jo =15 - - , (1.9.127
e { +(2/1,2,+1) (222 +1) +(2,1,2,+1)3 (2/1,2,+1)"_ ( )
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0.2344 0.1538

0.0375 + 0.0075

>+ T+
2;+1) (24+1)

Jor,=|05+
{ (

222+1) (242 +1)

0.0469 0.0171

8

Jo =05+
{ (

v, 0, Cos Y

2W2(Sh,) 23X,

0 +
22 +1) (245 +1)

Crsy = _Dz[ 2 j =-D
0

(222 +1) J222+1)

4

where
a,(24; +1) a
J571—] - 5-1-2 7*]57173 -
g Ap 22,
5-2
a2 (222 +1) a3 (222 +1)
- 2 s2qt 3 5-
22, 2,
and
0.1875 0.1538
Jo =05+

(222+1) (242 +1)’

, (1.9.128)

. (1.9.129)

Jo,, (1.9.130)

(1.9.131)

. (1.9.132)
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N2 (Shy ) ey 22
(2/113 +1) (2113 +1)

v, .0, cosY _

Crs3 =—D; UU
oYe

T (1.9.133)

where

,
— T+ L+
(245 +1) TR, 0

a, (242 +1

Sy = +LJ57374+MJ5,3,;+ , (1.9.134)

2 (245 +1) . :
a; (227 +1)
T 5-3-6

P

JS*}*I +

-]

and

0.75 0.938 0.82 0.923

2R ) (2224) (ael)
Tsaa =l sy 03 016 0075

,(1.9.135)

(242 +1) (222+1) (222 +1) (223 +1)

1.5 1.6406 1.6406

1.5—- > + 2 3
(227 +1) (227 +1) (24 +1)
Jssn = L 16869 09131 05628

(222 +1)" (222 +1) (222 +1)

, (1.9.136)
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03125 05469 041
(245 +1) (2% +1)2 (2% +1)3
Tl oser 037 L0349

+(2A; +1) (222 +1) (222 +1)

025 _ 00875 01172 01025 |
S, =|1= 2 + B 2 5 3+ N 7
{ (% +1) (223 +1) (223 +1) (243 +1)' |

_ 03125 05469 041 0564
(222 +1) (222 41) (222+1) (222 +1)'
T = 037 03494 0209 0157

(222+1) (222+1) (22+1) (22+1)

0.5 0.3281 0.2344 0.1879
Jsa6= .5—( + - + T

2 +1) (222 41) (222 +1) (223 +1)

. ( cong:_Q {_ (Sh iy, ]J
( )

i U,U., 222 +1)(22 +1
where

a, (247 +1) a,
J57472 + J57473 +
27, 27,
2 2
a (2,1,,+1)J ey
4/15) 5-4-4 4/IP 5-4-5

J5—47| +
s =

+

, (1.9.137)

, (1.9.138)

(1.9.139)

. (1.9.140)

(1.9.141)

, (1.9.142)
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and

1 1.093 0.349 0.029
Jsan =|—

_ _ + ] (1.9.143)

(225 +1) (222 +1) (242 +1) (22 +1)

0.5 0.2344
Jsun = [( +

22 +1) (222 +1) |

0.2344 0.1538 0.0375
+ +

Jo 4= {0.5 +

(222 +1) (242+1)° (222+1)

6

S| s, 03 02812 02344  0.1704
sad SN YNy (2/1,2,+1)2 (2,1,%+1)3 (227 +1)

0.1875 0.2344 0.1367

(2224 (2/1,§+1)27(2ﬂ§+1)3
55 = ,_0.1538 0.0571_ 0.0375

(222+1)" (242+1) (22 +1)

Crss =—D;s

v, cos I D \/E(Shn )2 oA,
UsU., | (222 +1)y(24 1)

4

, (1.9.144)

, (1.9.145)

, (1.9.146)

. (1.9.147)

]J”, (1.9.148)



where
A a
s T (215’; 1) A ﬁjqu _
g a, (213 +1) - I (2/15 +1)
= 2 5-1-5 Yl
»
2
a Q
_70 517 ﬁJS—H
P
(2 a) 22 (Sh ) A2
Crs = —Dﬁ(a):2 Cos.9) =-D, 2\/—(2 ) 2p
(24 +1) (2 +1)
where
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1. (1.9.149)

Ji s (1.9.150)

L) “
s-1-1 - o Ysa2 T Ys3 T
Ap 2,
2

€@, w0 19.151
- 227 st 422 a5+ s (1.9. )

a (2&;+1)2
T s

84,

C1'5—7 =0 5 (19152)
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UsU¢

42,
5-8-1 + (2/1: +1) 5-8-2
4 a, (245 +1)
B 2 Y583 21 ssat
(247 +1) »
N 20, o,
A T g(sh ) Ak,
+ % 2a, N

2a,
+ 0

— =y
a2y

c __D{\'/f[cosg}__D 42 (Sh,)' 22X,
T | (222 +1) (222 +1)

=l a2 +1) ol (223 +1)
+ 2 4442 I+ 2 6w 2 Jsast
4(Sh,) 24X, 16(Sh, ) 25X,

G (222 +1) y +a§(2/1; +1)
2(sm ) X, 427
3 2
+a3(21§+1) p +ozg(uﬁﬂ)
4(Sh ) 25X, 8(Shy) 23X,

J5—3—1 +

5-4-5

a3 (222 +1) . a; (222 +1)

————J ot J i+
16(Sh, ) A2x,2 " a(sh) ax

ag (222 +1) az (223 +1)
+ —

8/1,3, 5-3-3 2/113 5-8-10

2

%

Az 5-8-11
P a

]JH, (1.9.153)

(1.9.154)
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and

(175, 39375 54143 8798
(22 +1) (222 41) (222 +1) (222 +1)' Lo.1ss
e ~10.139 1248 1225 1258 » (1.9:133)
(222 +1) (222 +1) (222 +1)" (222 +1)
0554 3142 |
T2+ (222 +1)
Joga= (20+1) - (2 +1) , (1.9.156)
L 4616 51 4064
r+1) (2 +1) (2+1)" ]
i 0688 2234 2793 ]
(225 +1) (223 +1) (222 +1)
Jeoao| 43935 L 688 . 1403 12027 | (g 59
(24 +1) (24 +1) (24 +1) (24 +1)
16.68 15.17 16.64
+ 8+ 9+ 10
| (2a 1) (2h 1) (24 +1) ]
125 2188 2461 3384
(222 +1) (243 +1) (222 +1) (222 +1)'
Tl 064 2795 2004 REY - (19.158)
(2z+1) (2z+1) (24+1) (25+1) |
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0.984 1.466 1.561 1.258
+ + +

Jsgs =05+ 2 4 6
(24 +1) (2 +1) (247 +1) (245 +1)

_1,(1.9.159)

(R ) (e (22+1)

Joo 2| s 1613 . 20.2785 . 23.4096 ~ |, (1.9.160)
(227 +1) (247 +1) (245 +1)
245 23.898

| (2 +1) (22 +1)

3.5 6.891 10.829
+

0563 1s47 1676
(220 +1) (222 +1) (242 +1)
o |32 312 4ele | g6

(2/113 +1)4 (2213 +l)5 (221,2 +1)6
4241 5103
(223 +1)" (223 +1)

L7 2226
(242 +1) (242 +1)'
L3414
(222 +1) (223 +1)

0.375+

s g5 = . (1.9.162)
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D25 0625, 082 08
(225 +1) (222+1) (242 +1)
S| 09164 0741 0594 | g

(222 +1)" (222 +1) (222 +1)
04187 02748
2 7t 2 8
(222 +1) (24 +1)

Ve D 0059:| -_D |: 4\/5(‘9}’0 )4 X,
=-D, (

Coy=-D W2 (Sh) B 1, (1.9.164)
" { UsU? 223 +1) (24%1)] v

where

4 a, (24 +1)

J5794 +27J57972 T Y593
(247 +1) 2

4 Q, a

+—1 iy 40

(2/‘{; N 1)2 5-9-4 24, 5-9-5 22,

+

ot

16 20,
Joo=|+ 0 S 0 Joog—
5-9 /’i,P(Z/l[%-l—l) 5-9-7 iI)(2A’§+1)2 5-9-8
ol (222 +1 2
%JSJ)—Q _%JS—‘)—IO

P P
a2 (222 +1) a (222 +1)
+ ) 5-3-1 + 3
42, 84,

, (1.9.165)

+

J5—3—3

and
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2.5 3.8281

Jogr=Jss.» (1.9.166)

5o =Js5, (1~9~167)

Jsffu = ‘]573749 (1.9.168)

Jsou=Js545, (1.9.169)

Joys=Jsys, (1.9.170)

Jeve=Jsses (1.9.171)

s =I5 (1.9.172)

Jove=Jeoys (1.9.173)

4.9219
+

6.2036 5.9277

u§+1)+ 22 +1F (222 +1)
( 2 F

324141 (1.9.174)

(222 +1)" (222 41) (223 +1)

4.187 2.9831

ie1) (224




0.4375

0.9843

172

0.9024

1.4663

‘]5—940 =

1.2674

(2/112’+1)+(211§+1)2 (21134_1)3 +(2l§+1)4
1.5606

1.2252

.(1.9.175)

1.2578

(222+1) (243+1) (222+1) (222 +1)

@ cos 3

Crso = Dm|:

where

4

42 (sh, )’

%

4

(222 +1) 222 +1)

Jeros (1.9.176)

5-10-2

Jsqoa + (

j’P

N (2%2

24 +1)
+1)

5-10-4

A’P

+
(222 +1)’

2&] + % g

5-10-5

+2#
A (245 +1)

510 =

a; (247 +1)
—r—

YR

and

20,
5-10-7

2
_%
5109 770
;

J +

5-10-10

t———
Ap (2/113 +1)

a2 (222 +1)

JS*lO*ll +

813

a (222 +1)

J571073 -

+
5-10-6
22,

J.

5-10-8

,(1.9.177)

‘]5710712

Jsaos =Js 04, (1.9.178)
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Js—lofz = J5,9,2 5 (1 9179)

0.688 1.5469 2.793

S+ > + >+ T+ +
(22 +1) (222 +1) (242 +1)

5.:421 . 6.2882 . 121.4 :

(222 +1) (27 +1) (245 +1)

12.027 16.68
+(2/12 +1)’ +(u§ 1)
L P

o0 = , (1.9.180)

‘]54074 =J5,9,3, (1.9.181)

09844 14663 1561  1.1845
o o (Y (e
(227 +1) (247 +1) (247 +1) (247 +1)

o5 =| 05+ |, (1.9.182)

Jsa06=Js 04> (1.9.183)

JS—](J—7 = J5_9_7 5 (1 9184)

508 =I5 05 (1.9.185)
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where

6-1
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25 38281 49219 | 62036
(222+1) (222+1) (242+1) (222+1)'
59277 | 52414 4187 29831 » (1.9.186)
22+1) (222+1) (222+1)  (222+1)
| (24+1)
04375 09844 09023 14663 _
(22:+1) (222+1) (242+1)  (223+1) (19.187)

1.2677 1.561 1.2255 1.1845
+ - +

() () (22+1) (24+1)

Jsson =55, (1.9.188)

Jerors=Js100- (1.9.189)

T2 i q 2 2
Cpor=D, V""vz“]f‘“‘g -, */ZE(S";’) LX), (19.190)
0 (227 +1)" /(247 +1)

a, (24, +1)
T —agdpls i, +/17[67173 +2a02p 6, +
P
i (222 +1)
a2 (222 +1) I, s +%zﬁ+ﬁ vail,, |, (1.9.191)
P

_2a02/11§167178 - ag (2/11? + 1) Toi
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and
I, = JsfH, (1.9.192)

I =55, (l~9'193)

“l0s4+ 0.234 . 0.154 N 0.038 + 0.0088 , (1.9.194)

I
(222+1) (222+1)° (242+1) (222 +1)

6-1-3

Iori=Jors (19.195)

Io s=1g,;, (1.9.196)

Iiro=Jors, (19.197)

Iors=Jsqys (1.9.198)

I s=Js .5, (1.9.199)

Iy =Jo,,. (1.9.200)
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Vy@mﬂ_D{ﬁwmm#&
s

Cpy, =D, | 22— I_,, (1.9.201)
P6-2 2|: U(; 21}3_*_1)2 (2/15*_1)] 6-2

where
1 2(24; +1)
lopit Ty~ L= Lt
Ay A
le2= ) , (1.9.202)
2
a, a, (24 +1)

gy e s =

and

I, =1, (19.203)

16—2—2 = 16,1,1 5 (1.9.204)

16—2—3 = 16—1—3 5 (1 .9.205)

Iy a=1I, ., (1.9.206)

16—2—5 :J5,3,4, (19207)

Ioso=Js1 s (1.9.208)
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I, =Jo . (1.9.209)

V2(Shy )

c —D{W}—D
o | (222 +1)y(24 +1)

UyU,

16—3

, (1.9.210)

where
4(Sh,) 23X, 4(Shy) 22X,
6-3-1 5 3 lesa t 5 2 6-3-3
a,(24; +1) (247 +1)
4(Shy) 25X, 2(Shy ) 24X,
+ﬁ 6-3-4 +ﬁ 6-3-5
(247 +1) (247 +1)
1 8(Shy )’ 23X’
16—3 | T7A,2 1) le36 _LPZ 637 T (1921 1)
(247 +1) a, (222 +1)
8(Shy )’ i X, 8(Shy )’ 25X, ~
6-3-8 6-3-9
(222 +1) (242 +1)’
4(Shy) Apx)? 2(Shy ) 22X,
- 6-3-10 6-3-11
(2273 +1)4 (2/143 +1)2
and

I ,,=-05J,,,, (1.9.212)
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Ioss=Jsysr (19.213)
Iyyy=Jeys, (1.9214)
Iosi=Jsysr (19.215)
Iyys=Jsyss (19.216)
Ioso=Jess, (19.217)
Iosy=Jsys (1.9.218)

L0563 1547 1676
@z +1) (222 +1) (222 +1)
L M2 3192 46l6
(24 +1) (247 +1) (247 +1)
4.241 5.103
(22 +1) ’ (223 +1)
P P
4131 4064

, (1.9.219)

10

Is 3 9=Js43, (1~9'220)

Iy =Jsg, (1.9.221)
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Loy =Js45- (1.9.222)

ViV sin 8 42(Sh)" ayhpx,’
Croy =D, | — =D,

I,, (1.9.223
UgU( (22§+1)4 (21}%+1)] 6-4 ( )

where



and
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(222 +1) (223 +1)

4 Io 4y~
8(sh) 20X, " 8(shy) agx, T
1 1

A AP
-4-3 6-4-4 6-4-
¢ 2427

oy Ap
- 2 1 + 2 -
Apay (222 +1) 0 (222 +1)
1
_—_— +
a2(222+1) 0"
(2/1; +1) (2,1; +1)
4o T 40 T
Zﬂ; 6-4-9 ﬂ; 6-4-10
2 a, (22,},z +l)4
+7)§ 6-4-11 _W 6-4-12
ay (223 +1) , (222 +1)
16(Sh0 )2 ﬂ;XhZ 6-4-13 S(Sho )2 ﬂf,X,,z 6-4-14
a, (223 +1)'
+ﬁ 6-4-15
16(Shy)” 2}.X;
ay (22 +1) , ay (22 +1)
+4(Sh )2 x> 6-4-16 T 4(Sh )2 1 x? 6-4-17
o () 0 Pb
a, (21‘3 + 1)2
P p
222 +1) 222 +1
_an( A‘PS ) 1674719 _ 0(0( ”3 )1674720
4] 24,

(1.9.224)
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Iooi =1, 4 (1.9225)

I, =1, .., (1.9.226)

I sy =Jsg,, (1.9.227)

Iy =Jsq,, (1.9.228)

Iy s=Jsqs, (1.9.229)

Iyyo=Joys, (19.230)

Ion=Jsys, (1.9.231)

I oy =Jsgq, (1.9.232)

Iors=Jsysr (1.9.233)

Iovw=Jsoss (1.9.234)

Lo =1ose, (1.9.235)

Iysn=Jsrss (19.236)
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I, s =Js5,5, (1.9.237)

Ioyw=1sys (19238)

Ioyii=Joe, (19.239)

I =15, (1.9.240)

Ton=1oser (19.241)

I o5 =J5.5, (1.9.242)

Toar=Js15 | (1.9.243)

Iovor =1, .. (1.9.244)

V. v, sing 42 (Shy)' 28X,
Cpsfs = =L

I, (1.9.245
UU. (242 +1)' (2,1;+1)] woo € )



and

183

(222 +1) (222 +1)
8(Sh, ) A5X,> T 8(Shy ) ALK,
1 2
6-5-3 /1[) (2/1[27 +1) [67574 + [67575
2 1
S — 7 _
+(21; +1) 6-5-6 +2ll§ 6-5-7

1 (247 +1) 1
TRt 2 ss0 T o7

+
5 1652

+
aO /1[’

1,

6-5-10

a, (222 +1)

% (2373 + 1)2 a, (21,2, + 1)3
Cs(sh ) Ax T s(Sm ) 40X,
Ca(2n+) , 30, (242 +1)° (1.9.246)

16(sh, ) 21x,> 41 6515

2 6-5-13 —

LIos =15, (1.9.247)
Lo s, =155, (1.9.248)

Iooy=Jsys, (1.9.249)

Io s y=Js44 , (1.9.250)
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I ss=Jsss , (1.9.251)

1675—6 = J5,3,3 5 (1.9.252)

I =J ., (1.9.253)

Iy =Joeys (1.9.254)

I s9=Js 4 , (1.9.255)

1675710 = 16,3,3 5 (1.9.256)

1675—11 :J5,4,5, (19257)

1(,75712 = J5,3,4 5 (1.9.258)

16—5—]3 = 16_1_3 5 (19259)

Losrn=Jsrs (1.9.260)

Iosis=Js s (19.261)



185

V _@sin9 2(Sh ) 2
CPGG_Dél: @ 20 :|_D6|:( I( 0) ‘ :1[6@ (].9.262)

Us 222 +1) (222 +1)
where

o, (227 +1)
Io =154, _17[6—672 —(XOAP[6,673 (1 9263)
P

and
15—6—1 = J5,1,3 5 (1 9264)
Iss,=15,5, (1 .9.265)

1676—3 = J5,1,3 . (1 .9.266)

v, H.sin 9 a2 sy
Cp6—7 = D7|: yewz?z sin :|: D7 \/_(Sflo) ﬂ-p b [(,,7 , (19267)
UyU, (222 +1) \J(247+1)

where
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[ a (222 +1 T
_167771 +2aTOI<,7772 +¥Isf773 -
P P
4 a,
- - 1, +
(222+1) 7" 4 (224+1)
loq = , (1.9.268)
2a, a, (247 +1)
+7167776 + T 6-7-7 1
P P
2a, A,
+aoip167778 (21120 +P1) 6-7-9
and
I =Jey,, (1.9.269)
I, =Jey,, (19.270)
LI, 5=Jsg5, (1-9-271)
I, =|0s+ 2.234 + 5.935 + 11.403 + 16.68 i ,(1.9.272)

(222 +1) (222 +1)° (222 +1) (22 +1)
Iors=Joy,s (19.273)

Ioo=Joy,, (1.9.274)



where

and
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I =J. ., (19.275)

I qs=Jsgs (1 ~9~276)

Ioy=Jey,. (1.9277)

Coes=D |:Vw‘)j“ sin '9:| = 4ﬁ(5ho )4 Ao Xy’
e 7

I, ¢, (1.9.278
(243 +1)° (2,1,§+1)] s> ( )

842
a2+ " 222y
" _%o,ﬁ% —(2‘;‘?’3)216“ | (1.9.279)
4a, A,
(222 +1) "

I o1 =Js g6, (1.9.280)

Lo sy =Js54, (1.9.281)
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167873 = -]5,3,8 5 (19282)

i 25 3829 4922 ]
(222 +1) (222 +1) (222 +1)
6.204 5.928 5.241
losa= - - |, (1.9.283
o +(2/13,+1)“ (2/1,§+1)5+(21,§+1)"’ ( )
4.187 2.983
_(212 1)’ " (222 +1)
L P P i
| 0438 0.984 0902 ]
(222 +1) (222 +1) (222 +1)
1.466 1.267 1.561
loys = - - ], (1.9.284
o +(2/1,§+1)4 (2/1,§+1)5+(2,1,%+1)6 )
1.225 1.258
_(2,12 +1) ’ (222 +1)
L P P i

Ipws=Joss (19.285)

L g =Js5, (1«9'286)

Ioyy=Joy,. (1.9.287)
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V, ,.0.sin 9 2V2(Sh) 22X,
Cro9=Dy| =57 =D, (30) 2 \1,,, (1.9.288)
U,U. (22, +1) (242 +1)

where
4 4
1 + 1 + I —
6-9-1 (2/1§ + 1) 6-9-2 (2112) + 1)2 6-9-3
Sa, A
I, o =|-a, 2l , —ﬁ o5 — (1.9.289)
P
6,1,
20 S 2 ]6—9—6 _aOlPI()J)J
(242 +1)
and

I o =Jss , I or=Js5 4 , (1 .9.290)
16—9—3 = Jsfxfg ) 16—9—4 = JS—S—S 5 (1 9291)

16—9—5 = J57877 5 [(,,9,7 = J5,8,6 . (1 9292)

€ op, | eSS\ NS A g g3
P6-10 10 U3U2 10 ) 3 5 6-102 bl
WU (222 +1) (242 +1)
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where
4 4
I + + I =
6-10-1 (2/1[2’_*_1) 6-10-2 (2/1;+1)2 6-10-3
G P
1, 6-10-4 A, 6-10-5 ~ Fotploi0-6
4o, A, 4a,/,
I =|- Calr Ig o0 — s I o+ (19294)
2 B 2
(247 +1) (222 +1)
2 2 2
oy (24, +1)
+T1671079 +a; (2/1r% +1)[67107I0 +
3 2 2
a; (225 +1)
+2a021;[e407|| _T 6-10-12
L P |
and

T 100 =556 61000 =S5 575103 =T s 555 (1.9.295)

Iovon =1 osolorios=1serls106=J5506> (1.9.296)

Iovor=Js g9l 108 =Iss580Lor00 =153, (1.9.297)

16—10710 = 16,8,5 N (19298)



1 =+

6-10-11

For pure heaving (9=0)

Crsa=Crs3=Cpsy

CTS*S

=-D
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04375 09844 09024
(222 +1) (222+1)" (222 +1)
14663 12674 15606

5

(222+1)" (222 +1) (222 +1)
12252 12578

(222+1) (222 +1)

, (1.9.299)

16—10712 = 16,3,1 . (19300)

1
Cro,=D,| —
T5-1 1[2112)

=Cpss =
s 0.5
o —+
(225 +1) (222 +1)
L[, 0375 0.17
(222 +1)| (222 +1) (222 +1)'
0.073
| (222+1)

j, (1.9.301)

Crs.s=Crs3 =Crs g =Cpy5 =0, (1 9302)

, (1.9.303)

C,,=0. (1.9.304)
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For pure pitching (4, =)

V2, cos 9 a; 2
Cros =D=2= =D, 70[1 +(sh) X7, (1.9.305)

Cper =0, (19306)
Cron ==Di[~(Sh)' a3 |, (1.9.307)

C.,=0, (1.9.308)

——1, (1.9.309)

C =—D6(Sh0)2a7°{l+ﬁ , (1.9.310)
G, =0. (1.9311)
Cros ==Dy(Sh) a3 [ 2+(h,)" X7 |, (1.9.312)

C.,=-D, [(Sho)4 agxh}, (1.9.313)
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Craso =Dy [ (Sh)' o7 |, (1.9.314)
Cror+Cpey=0  (1.9315)

Croro = D[ 282(Sh,)' &} |, (1.9.316)

1.9.3. The wing inductive reactance in the course of the

harmonic pitch angle and angle of attack.

In this case of the kinematic parameters § =9, coswt,a = a, cos wt

The wing amplitude is changes according non-harmonically
$=U,g0, (1.9.317)

Let us obtain C,, and C,,. In each coefficient there are ten components.
Shy)’ X2
Cpsy=-D, {“lb}] (1.9.318)

where
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2
[24
i 0

J. —
5-1-1 5 V512

(Sh, ) X,

22 2 g4
aO I90 a0'90

I, =

(1.9.319)

and
Jor = (% —0.1258) +0.00529; ), (1.9.320)
Jsin =(1+0.750; -0.15636; ), (1.9.321)
Js15=(0.375+031256; —0.06846, ), (1.9.322)
Js1s =(0.3125+0.27336; -0.06156; ), (1.9.323)
C,,,=-D, {W}J“ , (1.9.324)
where

Js,=(1-0.12597). (1.9.325)
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. }J (1.9.326)

Crss =—D;, |:_

where
Jss =(1-03759 +0.0269;). (1.9.327)
2
Cro\=-D, {W}Jﬂ, (1.9.328)
where
Joa=[Je 4075, (1.9.329)
and

Jo =9, (1.9.330)

Jssn =(1-0259; +0.16676; —0.0529,6; ). (1.9.331)

(Sh 0)2 9,

5, (1.9.332
5 }Jw(933)
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where

Jos=[Js o +Jesa+00c5,] (1.9.333)
and
Jooi=1, (1.9.334)
Jss, =(-0.12597), (1.9.335)
Js_s5 =(0.18756, +0.04036; +0.00686; ). (1.9.336)
Sh,)’ &

Crss = —D; |:(2):| [J5,6,] ] , (1.9.337)

where

Js o =(1-0.12597). (1.9.338)

C,o,=0. (1.9.339)
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2 2
Cro\ =D, {(5’%3%}48 , (1.9.340)

where
2 2
2Ash) XS, (WK
Jog= ag 5-8-1 aoz 5-8-2 5-8-3 (] 9341 )
+4‘90J57374 + 2002‘]57875 - 2’90200‘]57876 -4 ()2902‘,5—8—7
and

Js 1 =(0.5-0.3756; +0.0786, ), (1.9.342)

Js s> =(0375-03136; +0.0686, ),. (1.9.343)

Js s =(1-012597), (1.9.344)

Js 54 =(0.1256, +0.02086; +0.00526; ), (1.9.345)

Js s =(0.1256; +0.04176; +0.00436; ), (1.9.346)

Js 55 =(0.062560,+0.0136; +0.00366; ), (1.9.347)
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Js s =(0.03916; +0.01826; +0.00236; ). (1.9.348)

. }J (1.9.349)

Crsy =—D, {

where
=7 (1);(7)57;? i ;.2.1135;6231 0.0689;9:] » (1.9:350)
Crs_o =—Dy {W}Jsm, (1.9.351)

where

1-0.756; +0.1560, —
2037592 + 03139207 - 0.068920;

]. (1.9.352)

CPﬁ—I =2nD, |:(Sho)2 ‘9ng72:| A, +7015 s T (19353)
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where

Iy, =(0.1250,+0.0216; +0.0056; ), (1.9.354)
Iy, =(0.06250, +0.0130, +0.0046; ), (1.9.355)
Iy, 5 =(0.1259, -0.0429; +0.0035; ), (1.9.356)
Iy, =(0.06259,-0.0269; +0.0029; ), (1.9.357)

[0.3753090 +0.41679,6; +0.05919,6; +0.01229,0] —
6-1-5

- , (1.9.358)
~0.0521936, —0.06089;6; —0.0089.9:6;

9
CP()—Z =D, |:(Sho)2 '9()2Xb:||:16—2—l _?016—2—2 + a111672—3:| s (1 9359)

where

Iy, =(0.1259,0, +0.0219,6; +0.0059,6; ), (1.9.360)

Loy, =1, 2, (1 9. 361)
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[0.12590 —0.0429(? + 0.00395 +
6-2-3 =

. (1.9.362)
+0.0319,67 —0.0139267 +0.0019:6?

(Sh,)’ 92X,

%y

Cros=Di[ ~(Sh,) aogo}{lwl + 1632} , (1.9.363)

0.3759,0, +0.1049,0; +0.0369,0; —
= ' . ° L |s (1.9.364)
~0.0529:0, —0.01590; —0.0069.6;
0.1259, —0.0429; +0.0039; —
- . (1.9.365
o [0.031,909; +0.0139267 —0.0019:6? ( )

]67471 _601674—2 +
Cros = Du[~(h ) @ X, | hy g | (19.366)

6-4-3
e

where

[0.259090 +0.0839,0] +0.0319,0° —
6-4-1 —

, (1.9.367)
-0.04296, —0.01396; —0.0059:6;

[0.063-90902 + 0.02619019(? +O.0L909(§’ + 0.0021909:: -
6-4-2 —

, (1.9.368)
~0.0079}6; —0.00396; —0.0013;6°



where

where

where

C[’G*S = D5 |:(Sh0 )2 a090]|:165] + 90167572 -
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Lias=1isa(1.9.369)

(Sh,)’ 92X,

@

[653}, (1.9.370)

0.1259,6, +0.0219,6; +0.0059,6; —
= 10,0196, -0.00296;

J, (1.9.371)

I, =1, (1.9.372)
Ioss=1o 5. (1.9.373)

Crog =Ds[(Sm)' 8 |1 (1.9.374)

I, =1, .. (1.9.375)

Crsr =D, |:_(Sh0 )4 ‘903Xb:|16-7 ) (19376)
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Iir =T, (1.9.377)

Cros =Dy [(Sh0 ) %X, } [{os0—2a0dg s, —20,0,1; 5], (1.9.378)

where
0.3759,0, — 0.2099,6; +0.0139,6; —0.0129,6] — (1.9.379)
2005290, +0.0318:6; —0.0023:6; B
I gy, =1ss,, (19380)
0.0634,6, —0.0079,6; —0.0263:6, +
- . - 0701 (1.9.381)
+0.0038:6; +0.0029°6,
Creo =27D, [(Shu )4 '902ij|[167971 — gy, *0!09016,9,3] , (1.9.382)
where

16—9—1 = Ié,g,l 5 (19383)

167972 = [6,3,2 5 (1.9.384)

Iooa=1I ... (1.9.385)
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Cror0 =Dy [(Sho )4 '902:|16710—] > (1 9386)

where
1571071 = 1678—1 . (19387)

For pure heaving ($=0)

C,y, =-D, {";’}(1 +0.75a; ~0.1563a; ), (1.9.388)

Crsy Crs 7 =Crsg =Crs4y =0 (1 9389)

(Sh) a2 }[1 +0.502 +0.3332a) +

, (1.9.390)
2 +0.1041af +0.0086¢"

Crsg =—D; |:

Cpo =0 (1.9.391)
For pure pitching (9=0)

h,) X,
Cpo\ =D, LO)z 2 (9 -0.1259; +0.00529; ) + L (1.9.392)

+0.502 —0.18750.29 +0.013229;
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CTS—Z

D, {

2

(h,)" 53X,

}(1—0.1259;). (1.9.393)

2
C,.\=-D, {—W}(l 03759 +0.0268; ), (1.9.394)

2 3
Cpo\ =D, {(Sh(’) g‘ﬂ‘g(’X”}, (1.9.395)

Shy ) a9
CTSS__D5|:( 0)2 =
shy) 92 |

CT56=_D6|:( 2) -

(1-0.12597), (1.9.396)

(1-0.12597), (1.9.397)

C,..=0. (1.9.398)

2 (@ - 01250292 ) +(Sh, ) 82X, - |

Crs s =—D; ()" ] (= Oi‘) o)+ (5h) 8%, , (1.9.399)
2 ] -0.375(8h, ) 9 x,? |
4 2 T

Cpoy=-D, {(Sh)z‘”” , (1.9.400)
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4 92
Crow=-D, {W}(poms%), (1.9.401)

Cror =Dy [ (Sh)' X7 | 20, (0.125-0.0428; +0.0035;)], (1.9.402)
Cror=D, [(Sh0)2 aOS(fX,,}(O.IZSSO ~0.0428; +0.0038; ), (1.9.403)
Cron=Di[~(Sh,)' $X,7 ](0.1259,-0.0428] +0.0035; ), (1.9.404)
Cres=D, [—(Sho )’ .93)(,}}(0.12590 ~0.0428; +0.0038; ), (1.9.405)
Cros =Di[~(Sh)" $X,7](0.1259,-0.0428] +0.0035; ), (1.9.406)

Cooe =0, (1.9.407)

Cper =D, [—(Sh0 ) 9;](0.12590 ~0.042 +0.003; ), (1.9.408)
Cpes =D, [—2% (sh,)' sgxf](o.lzsso 00428 +0.0038; ), (1.9.409)

Cpeo =D, [—ao (Shy)* !9;)(,,}(0.12590 -0.0429;+0.0039; ), (1.9.410)
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Crorn =0, (1.9.411)

CT S

Fig. 1.9.3 shows the relative inductive reactance { j versus

T5max

the wing kinematic parameters. Here C

TS max

T T a
=———v, cos$ (upper
w07 (upp

estimation).
The wing kinematic parameters are shown in the Table 1.3.
Table 1.3. The wing kinematic parameters

sh, 04 07 |10 12 [16 [20

9,.pan |039 064 |085 |098 |1.14 |13

g .pax |0.09 034 |055 |068 |084 |10

w,c’ 4.0 7.0 10 12.0 16.0 20.0

ce 4.67 |4.242 |4.087 4.06 |4.06 4.295
ce -1.7 -0.47 [-0.099 |-0.067 |-0.067 |-0.061
Cy: 1.16 1.061 |1.024 1.021 |1.021 |1.075
Cy -0.82 |-0.51 |-04175 |-041 |-041 |[-0.545

The calculations were performed when wing maximum relative

amplitude (ybL

0

]equal 1 and angle of attack equal 0.3 rad. The

magnitude of g, is obtained from equation
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L";* Shy =6, (1+0.2226; +0.0716; +0.016; ) (1.9.411)

This formula was published in the work (Romanenko, Pushkov, Lopatin,
2007).

05 Sho

Fig. 1.9.3. The wing relative inductive reactance versus Strouhal

number Sk, and pitch axes location Xj.
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The analysis of the wing inductive reactance estimation using the
formulas shows that inductive reactance depends a lot on the wing
kinematic parameters.

This suggests the usage of the formulas but not upper estimation
to obtain the rigid wing hydrodynamic characteristics especially with
inductive reactance. The previous comment refers equally to the infinite-

and finite span wings.
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Chapter 2 Deformable wing

The great majority of the theoretical and experimental aero-
hydrodynamic investigations are devoted to the research of the flat and
rigid wings. In many cases the rigid wings are used to modeling of the
animals wings: cetaceans, fishes, birds and insects. At the same time it is
known that animals naturally use extremely adaptable wings. In
particular the dolphins kinematic and hydrodynamic research
(Romanenko, Pushkov, 1998; Romanenko, 2001; Romanenko, 2002)
attests that during active swimming of a dolphin its fluke gets
considerably deformed, especially in upper and lower positions (fig.

2.1).

Fig.2.1. Form of a dolphin fluke during a dolphin active

swimming when it moves from the top down
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Traditionally, investigators estimate the performance of the
dolphin’s fluke as a mover as approximated by the flat rigid
hydrodynamic wing. Such estimations give the rough results because the
fluke bending is not taken into account.

The flexible flapping foils were investigated theoretically
(Bose,1995; Gordon, Ryzhov,1996 and other).

Nevertheless, numerical methods described in the works are
limited in use because the foils springiness systematic data are absent.
But this problem can be solved by means using of the aerodynamic
(rotary) derivatives. As this takes place there is no need to know data

about the foils springiness.

2.1. Setting up a problem

The lifting force coefficient of such wing will look like

_ a , @, S 5
¢, =cpatcydtey o ey, +c0+c)0 (2.1.1)

Two previous terms in the right-hand of the formula can be
described as the lifting force part which is due to the wing deformation
during its oscillations. The major parameter in this case is the
deformation law (the time displacement of the wing every point in the
coordinate system x, y, z). Let us have a look at the two variants of the

wing deformation.
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The first variant in the common case will look like

n(x,z,t):%(%) (l—gj cos ot . (2.1.2)

This formula would be expressible as

n=f;(xz2)8(t), (2.1.3)
Here the second factor of the right-hand is the time parameter. The first

factor will look like

1= (%) (1-3"1 (2.1.4)

5(z)=y?cosa)t (2.1.5)

Here y* is the maximum displacement of the wing plane.
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Fig. 2.2 The simulation of the dolphin fluke deformation using the
function (2.1.2)

In the case of the Fig. 2.2 we can write

fi=g,m =0 2.16),
and

5(t)=-0.332cos ot (2.1.7)
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This value of &, are derived from formula (2.1.5) if »* measured as
shown in the Fig. 2.2 (length of CB).

At the same time from fig. 3.33 we notice that part of the dolphin
fluke is accounted for by the terminal areas (relatively small space). We
shall not include these two parts into the estimation of the 5, value. We
reason that the end of the fluke is its rear end (more exactly the end of
the central chord). In this case estimation of y* formula (2.1.7) can be

brought into form

5(t)=-0.29cos wt (2.1.8)

In the expression (2.1.6) condition m = 0 implies that deformation
along the span is absent.

Judging from the photo (fig. 2.1) such deformation is either absent
or very small.

In the formulas for the lifting force and power of the deformable
wing  (Belotserkovskii, Skripatch,  Tabatchnikov 1971;
Belotserkovskii, Skripatch, 1975) the unknown terms are the
aerodynamic (rotary) derivatives C°,C?,m’,m’ and &,.

When the function (2.1.2) simulates the dolphin fluke it’s not so
difficult to derive the hydrodynamic coefficients. We can use the
reversibility (variotional) theorem deductions. According to this theorem

it is conceivable to gauge the characteristics of the wing when the flow
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streaming past it from leading edge to the trailing edge («forward flow
wing») using the characteristics of the wing when the flow streaming
past it from the trailing edge to the leading edge («reverse flow wingy) .
Let us suppose that the intensity of the rotational layer distribution
along the wing chord of the «reverse flow wing» y%,7%,y“,y% is known
(with minus sign). Taking into account that heaving regard to circulatory

flow over the wing the relationship p% =2y% is true we can write for

«forward flow wing» (with plus sign)

m_fjj [aféj as (219

W-fjj (af;j (2.1.10)
thz—é.gpffﬁjS @.1.11)

C, = —jjp f5.dS (2.1.12)

m;ﬂ [‘%j (2.1.13)
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=l (%j i (21.14)

m,, =—§ﬂ P f.dS (2.1.15)
:

mey, = %” P f,,dS . (2.1.16)
N

To calculate the aerodynamic (rotary) derivatives of the

deformable wing we can use the formulas

¢ =Ch=(Sh) €y (2.1.17)

C’=C’+Co

y2°

(2.1.18)

m? =md—(Shy)' mly,  (2.1.19)

m? =m’ +m?,. (2.1.20)
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In the work (Belotserkovskii, Skripatch, Tabatchnikov, 1971)

values of the y%,y%,y",y% are illustrated for the infinite wing

|
\

e
N

M&\\\

-gs 4 g5&

Fig. 2.3 The distribution of the circulation density y“ along the
infinite wing chord from the leading edge (-0.5) to the trailing edge

(+0.5). Here p*=Sh,, & - coordinate along the wing chord.
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Fig. 2.4. The distribution of the circulation density y“ along the

infinite wing chord.
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Fig. 2.5. The distribution of the circulation density »“- along the

infinite wing chord. (The wing centre placed at x; = 0.5).
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17 .

Fig. 2.6. The distribution of the circulation density »* along the

infinite wing chord. (The wing centre placed at x = 0.5).
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Using illustrations we can calculate the values of the

7 ,y5, e,y then values p“,p“, p*,p%, f,, and [%J . Further using

+

formulas (2.1.10) — (2.1.19) we can calculate the aerodynamic (rotary)
derivatives of the deformable wing.

The second variant is a two-section wing which fits into the profile

of the dolphins fluke (fig. 2.7.).

Fig. 2.7. Two-section wing (ABC) with swivel at the point B (BC

— flowing part).

Fig. 2.8 illustrates the two-section wing schematic sketch
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Fig. 2.8. The two-section wing schematic sketch.

We will now look at the rigid wing part of which adjacent to the
trailing edge is liable to deflect through the some one angle. This
problem is the variant of an aerodynamic problem of the oscillation the
wing which has the tail controls (Belotserkovskii, Skripatch, 1975;).

Aside from the deflection angle the flowing part (in the wing
chord) is very important. This parameter determines values of the
aerodynamic (rotary) derivatives coefficients which are tabulated for the
infinite wings and different sizes of the flowing part (Belotserkovskii,

Skripatch, 1975).
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In the case of the infinite two sectional wing aerodynamic (rotary)
derivatives coefficients can be determine using Theodorsen and Kussner

functions. In this case we can write

C2\(Shy) =2®,F (Shy), (2.1.21)
Cfl(Sho)—;{qﬁs +4, G(SZ'O)} (2.1.22)
Cvfz(Sh0)=%®2F(Sho), (2.1.23)
sz(Sho):iEQ 20, G(Sifo)}, (2.1.24)
m’ (Sh0)=_%[q>5 +@F (Shy)], (2.1.25)
m’, (Sho):—é D, +D, + 4D, G(SZ’O) ,  (2.1.26)
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, 1
m?, (Shy) = —§®2F(Sh0), (2.1.27)

(2.1.28)

1 1 G(Sh
mfz(Sho):fg <D7+Zd>4+cb2 gh[)”) .

In this case the aecrodynamic (rotary) derivative coefficients can be
determined using the same formulas (2.1.16) — (2.1.19) as in the previous
variant. Here F(Sh)) and G(Sh,) are the real and imaginary part of the
Theodorsen functions. The values of the @; — ®; are the Kussner
functions which are dictated by the values of the flowing part.

Particular attention has been given to the sign problem of the
function &(r) =6, coswr. In the case which is illustrated in fig. 2.2 and fig
2.3 we chose preferred «minus» because:

1. When the wing moves down the points of the wing flowing part

has been falling behind from the corresponding points of the non

*

deformable wing. Consequently, the value % must be negative.

2. Experimentally, when Strouhal number is small (for example,
dolphins fluke) the thrust is larger than in the case of a rigid wing. It is

possible only when the time function is negative.

Now we will study only infinite deformable wings which simulate

dolphin’s fluke although its more correctly to simulate by a three
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dimensional deformable wing. However in the literature the data about

the distribution of the circulation density y*,y%,y™,y* (rectangular and

triangular wings) are absent.

Special researches are likely to be done by means of numerical

methods to obtain this data and then to use thereof. Nevertheless, the

dolphin fluke simulation by the infinite deformable wing allows us to

estimate the wing propulsive parameters.
2.2. The deformable wing thrust.
The thrust can be written (look at chapter 1)

_zﬂ d(v,.sin8) Ay, b, .

dt Ucosa,
[0 Ve +CD'( ")ucb —_C* @_
pyuUSs| u, Ut U,
F;C:+2,V(‘ (.bz ( 51; -

cosa, _c* a)zz _Ciﬁ_ci ob
M U( Y J UL

SU;?

-X, cos9— 227 cos

After the simple rearranging and time average we can write

(22.1)
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o ViV e +(C“ 24, ] v,.bsing,

*U? ¥ pSh)  U?
wV. b Co.b%si
e s ce @.b szm 0. _
-2 F.-|| U U (222)
pSU, ,OUV,  8bY,
—C? -C

ye U(? ye U:
2X U’
- —cos§—C—5cosd
L PSU, Us ]

This formula we can write

Cr=Cp+Cpy+Cry+Cpy + Crg +Cpg +Cpy + Cpg . (2.2.3)

Coefficients C,, -C,,,C;,,C,, determine the rigid wing work and
were determined previously (chapter 1). Coefficients C,; and C,

determine the deformable wing work and must be calculated.

The change in the wing thrust after time average can be written as

S SUV . SbV,
AC, = A(ZZFMJ Sleo T o2 he, (224)
pSU Uy T U

0
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2.3. The deformable wing power

The deformable wing power can be written as

The terms in the right side of this formula will look like

PR d(v, cos9)
—
22" ye dt
. 2
Con b+ o -2 oy,
¥ pr Y

cosd, —

FV, =+ 22 -ClobV. ¥, ~~Cha, b coso, -
~C2.8V, U2 cosl, —C2.3bV, .U, cosf,
oo pSUY,
+X,.V, sin9+ TCsm 9.
and
pS | mia,wbU? + méa,w.b’U, —m®o’b’U, —
-M_ 0, =— : e :

zc¢

2 | —m®o.0.b* —m’ 50.bU* —m’Sbw.U?

+

23.1)

(23.2)

(2.3.3)
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The total power coefficient we can write (chapter 1)

(2.3.4)

P

(CPI +Cpy+Cpy +Cpy +Cps + Cpg +Cpy + J
Cpg +Cpy +Cppg + Cppy + Copy + Cpps + Cppy + G5 '

In this formula C,, —C,s,Cpg,Cpy,Cpyy —Cpy; Were determined in chapter 1

for the rigid wing. The terms C,,,C,,,C,,,C,, are due to the wing

deformation and must be calculated.

The change in the wing power after time average can be written as

SOV U, SOV Vb

xc' oy~ ¢ xc' ye

— -C C
2F V. 2M U U
Al e STl | ’ o (2.3.5)
pSU;  pSU; s 6w bU? s 6hw.U,
—m., 3 —m, ;
Uﬂ U[l
2.4. The change in the wing thrust
Let us considerate the common case
y=y,sinot, (24.1)

9=39,[sin(wt+¢,)], (2.4.2)
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) :50[sin(a)t+§oz)].

(2.4.3)

Here ¢, and ¢, are the phase angles between heaving and pitching

Correspondent to the thrust coefficients will look like

Cs

5

where C,,

G

C

75

6=

sing, 1+ 0.25 +
o | (24 +1)

0.259,(Sh,) X, . )
O MSln(wﬁ%)—sm(w,—%)—

sin(g, +¢, )+

. cos2¢p, —
+sm((p]7(pz)[705 ' J

0.069; (Shy ) X,
(242 +1)

SyaJ207 +1

2V22,

(Shy)cos g, .
A

=-C°

e

P

9, -

0.1 H
o +2sin” @,

(Sh, )2 4 X, sing, cos® ¢, sin g,
+ +
8
Sh,)’ & X, sin® @, cos’
+( 0) 0“"b 5 @ P T

+(Shy )’ X, cosg, cos g,

]
.

‘90 -

0.19; 1+
e +2(:oszg0l

+(Sh, )2 X, sing, sing,

+

,(2.4.4)

(24.5)
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In the case when ¢, =¢, =% we can write

C. - C‘s 50 (2ﬂ,§+1) |:1+ 0.25
s — T
(

’ s 24.6
T um)} (2.4.6)

Sh() )2 50190Xh (

Cpe :—cj;( 1-0.12597). (2.4.7)

To pure heaving (9=5=0) we can write
C,s =0, (2.4.8)
Crs=0. (2.4.9)
To pure pitching 2= we can write

cos2¢, —

0.25% [—0.5 j+, (2.4.10)

Crs =C 5 sm((pl - (Pz)

ye

: {(Sho)s()@,xb} )

+1



ye

(ShO )2 é‘0]‘90)(17

230

1-

COS (@, COS 1+ +
P e, —0.1,902( o J
+2sin” @,

92 sin @, cos® @, sin
L % sing cos gy sing,
8
97 sin” ¢, cos®
) (/;1 [ i

1-

+sing, sing,

1+
0182
+2co0s” @,

2.5. Power coefficients

.(24.11)

Correspondent power coefficients can be written (see (2.3.5))

where

Cpo=4 (CPﬁfl + Cl’afz)

L 0(245+1)

A=-C

2.5.1)

(252)
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sin g, 1+ 025 |
24, (2/1,2, +1)

(Shy) S, sing, cosg, X,

1-0.259, -
—0.125, cos2¢, +
0.06259, cos 2¢,

2

N (Shy)8, sing, cosp, X,

(22i+1)
0.25
0.06259,
(22, +1)
[1-0.259, +
+0.1259, cos2¢, +
0.06259, cos 2¢,

2

_ (Sh, )5’02 sing, cos @, X,

(22, +1)
0.25 006259,

] (222 +1) (222 +1)

[0.375sin¢, —
—0.03139; sin ¢, cos® @, —
-0.05219; sin’ ¢, +
+0.1255in(o1 3

(247 +1)

A

P

3 0.00399; sin g, B
(22, +1)
0.03139; sin’ g,

(25.3)

I (227 +1) ]
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cos @, cos’ @,

sing, sin g,

232

[0.125cos? ¢, +

1
+0.125sin’ ¢ | | - ——— |-
go‘[ (222 +1)]

-0.019; cos* ¢, [1 - (2;.)25+1)J -
P

~0.25sin’ @, cos” @, +

+0.0429; sin* ¢, [1 —(2(13151)]+
P

N 0.031 sin” ¢,
(24; +1)

1
0.125| 1+cos’ ¢ | 9> + —— | |+
[ [ (2&;“)]]

+0.0839; cos’ ¢, —

~0.0429; sin® ¢, cos” @, [1 __0.729

+0.04179 sin* ¢, < 142125 1
(227 +1)

_0.019; sing, cos’ ¢,

—0.0839; sin’ ¢, cos” ¢, — -

(24, +1)

0.0169; cos* ¢,

(227 +1) ' (227 +1)

A=~ (Sh,)’ %X}

(2.5.4)
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Cos @,
24,
(Shy) 9, X,
+%[(1 -0.1259; )cos((pl - )} -
Shy )& X,
7(0/)1701’[0.1255in(2(p1 -0, ]+
P
_—0.191903 sin(g, — @, )+ ]
NV
Cpy=Cpyy 0.06sin’ ¢, sin (¢, — ¢, ) +
+0.065in ¢, cos* ¢, cos g, —
—0.06cos” @, cos @, +
+0.67(Sh, )2 X; P +0.06sin’ ¢, sin @, cos® ¢, +
g
* | +0.5sin’ @, cos’ @, cos @, —
—0.4sin” @, cos’ @, cos @, —
—0.19sin’ @, sin @, cos® @, +
+0.06sin” ¢, sin (¢, — ¢, ) (2.5.5)

where C,, ,=-C? (Sh,)3,

(Shy) 9,8, (247 +1)| sin(p, - ¢))
CP|4 :_mch Sm(@l'*'q’z)_m s (256)

Cpys=—m

(Shy)” 9,80)(222+1) cos(p, +¢,)
—p )+ — 2L (257
* 222, cos(0: =)+ 4(22;+1) 25.7)



234

T .
when ¢ =¢, = - Wwecan write

L 0222 +1) |22, (227 +1)
Cpo =0 N T ,(2.5.8)
22, 0.125- ]
T (k) X7
or T 0049 |

l(1—0,125,902)—

Cpy =—C2 (Shy)’ 6,9, X, g , (2.5.9)

77“[0.12570.0195}

P

Cpu=0, (2.5.10)

Cpis =—m

L (S, Y 6,9,4(222+1) {1_ 0.25
(

, . (25.11
2424, 242 +1)} ( )

To pure heaving we can write
Cps =Cpy =Cpyy =Cpys =0. (2512)

To pure pitching
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(Shy) 9, sing, cosp, X, [1 -0.259, - }
2 —0.1258, cos2¢,
_ (Shy)9, sin g, cos @, X, [1 -0.259, + }
2 +0.1258, cos2¢,
0.125 -
—0.01%; cos* ¢, —
Cpo=C20 +(Sh, )2 % X} cos g, cos’ @, | —0.19; sin” @, cos” ¢, — | —

—0.25sin” @, cos” ¢, +
+0.049; sin* ¢,

0.125(1+cos’ o, (9 ))+:

2 3
+(Sh, )2 & X} sin g, sin @, *0.18; cos” ¢ =

~0.049; sin® @, cos” ¢, +

+0.049; sin* ¢, ,(2.5.13)

. (Sho)ZSOXb (

1-0.1259; )cos(g, —fpz)}—

_—3.93 sin((ol -, ) +

sin* o sin((p, -0, ) +
Cp, =4 +sin g, cos’ ¢, cosp, — ,(2.5.14)
—cos’ @, cos @, +

+0.04(Sh, )2 X; +sin® @, sin @, cos’ @, +

S5
+9, s ,
+8sin” ¢, cos” @, cos @, —
—6sin” ¢, cos’ @, cos @, —

sa2 : 3
—=3sin” ¢, sin @, cos” ¢, +

+sin* @, sin (‘/’1 -, )

here

A= —C (Shy)&,
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Cra =—mi~%[5in((p. +Q, ):I, (2515)
2
- {(5’%)29050[005(% o )]}. (2.5.16)

2.6. Additional induced drag terms of the deformable
wing

Earlier the velocity induced by the rotary wake of the non
deformable wing was obtained in the form (1.9.18). A related expression

can be obtained in the case of the deformable wing.

nodicr e 2lcn B0,
u, = d i P (2.6.1)
vb b> . ) 1 ..
S b i O o Ucis, Lcigy
27U 27U - 2 2w

This expression is distinct from obtained before by the availability of the
two additional terms. These terms lead to the production of additional

terms in the formula of the induced drag which will look like
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- _— 0}
D,v. cos 9+ D,v, . cos§+ D, cos 9 +

ne

¢

V.V V,. 0,
+D, < cos 3+ D= cos § + D, @’ cos 9 +
U, U, )
c ¢
V. V,.0
cos 8 + Dy—"-cos 3 + Dy—*—*cos I +

c c c

a)Z w:

+D,

-2
& -
+Dyy—5cos 9+ D, v, U, cos Y+
U

c

Cpo == | 4D,y Gheos §+ D@ 5Ubcos 5 +

+DI4M+DISW+
N
+D4 V"‘U c0s 9+ D,; &.5b° cos 9 +

b S
+D,q wZU c0s 3+ D,,6°U? cos 3+

¢

+D20(52)b2 cos 9+ D,, 88U b cos .(2.62)

In this formula the first 10 terms correspond to the rigid wing (non

deformable) and are depicted in chapter 1. The next 11 terms (from 11 to

21) are due to the wing deformation. When ¢, = ¢, :% after time average

we can write



0.25

Crsn=4

+0.1569; [1 +(

238

] -0.5%; {1.5+ (

0.375

3[1+(

0.5

0.33

]+

,(2.63)

(2.6.4)

2
Cpsn=-D, {W(I—O.QS%)} (2.6.5)

05 s
(227 +1)
-9,2,
+0.059! [ 14237
(24, +1)
where
247 +1
A=-D, Sy22p +1
222
D, - {l et - c;;} .
T
where

D, :b|:

1
T

c* C5

yeye

706;1. (2.6.6)
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®_.0U b cos 3

Crsfu :7D13 Ug =0, (2~6-7)
where
1 . 1
1%=bP;qgﬁ+§qq.(26&
Sh Y 8,9
Crsu =D, {(“)2“(1—0.125302 )}, (2.6.9)
where
q4=y[-lc3cj+lcj] (2.6.10)
Vi 27
Sh, Y 5,9, X, ]
Cpoys ——Dl{—((’)””(l—o.nssg) , (2.6.11)
where
1 24, |
Dwzb{;C@Ci—pﬂ;(ﬁp.(ZﬁlZ)
0.25 0.1875
o e
Sa(sny s, (24+1) (222+1)
CTs-]a =_D]6 T ) (2613)
2 (21[2,_*_1) . 0.1172 N 0.1025
(222 +1) (222 +1)’
where

T

qﬁquqf%%q} (2.6.14)
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2
Cyo1n =—Dp, {—(Sh‘))za"g"(1—0.3.75902 )}, (2.6.15)

where
D, =b’ [—%Cﬁfcﬁ;,] (2.6.16)
0,0’
Crsis :_DIS%TZO, (2.6.17)
0~ ¢
where
Dy = [—ic;ifc;i}. (2.6.18)
0.625
1+ 2 -
sz +1)] 4+
Crsa9 =—Dyy - .2 N (2.6.19)
4% ) 0.(3)
~0.37592 | 1- 2]
»
where

Dw:[—i(c;)z}. (2.6.20)

2

Crsn =—D2{(Sh°2) % }[1—0.125902], (2.6.21)

where
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D, = b [_i(ci )2}. (2.6.22)

88U, sin9

, (2.6.23
S =0, (2623)

Crso1=—Dy,

yeTye®

D, :%cb‘ . (2.624)

To pure heaving ($=0,5 =0)

Crsi=Crsp=0. (2.6.25)

To pure pitching

Crs. =0, (2.6.26)

Crsn=—D,

2
M(vo.ussﬁ) , (2.6.27)

Cropn=0, (2.6.28)
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Shy )’ 8,9
Crsfm =-D, 1:(0)200(1 — 0.125,_902 ):| ,

Shy) 5,9
Crsas =—Di; |:(0)200Xb(10.3751902):|,

(2.6.29)

(2.6.30)

(2.6.31)

Sh,)’ 5,9

Crsr ==Dy; {—(")2“(1—0.3759; )}, (2.6.32)
Cps1s=0, (2.6.33)

52
Crsio =—Dyy D} (2.6.34)

h ) 82
Crs Dzo{(s 02) % jl, (2.6.35)
Crey=0. (2.6.36)
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2.7. Additional power coefficients terms including the

induced drag of deformable wing

One of the power coefficients terms including the induced drag of

the deformable wing will look like

2V, X, sin§

= 2.7.1
P6 pSUog ( )

The expression (2.7.1) can be expressed in terms of the components

1Y ye

— Vv,
DV v, sin8+D,V v o sing+D,———sing+
e Ve @ U

¢

VoVieV, V.V, @ —_—
+D, """ sin 9 + D;—"—sin 3 + D,V, @’ sin § +
U U e
. c

2

V. oo, V. V.D,.o,
+D77"UZ —sin 9+ D ‘{]"L sin 3+ D,

> S—sin 9+

1 Voo S 7 v Sena
Cos =—| +Dy sin$+ DV, v, U.6sin3+D,V v, dsin8+

2 117 yeVne 127 ye Ve

¢

+D, V. 0. USsin3+D,V. o.dsind+D.V v Ssind+

137 ye WY 147 ye @z 157 ye Ve

Vv, 6sind S V,.®.5sin 9
+D,, 0 +D,V, 006sing+ Dy ——+

c c

+D,,V,.8°U? sin $+ Dy V, 8 sin &+ D, V, 58U, sin 9

97 ye 20" ye 217 ye

.(2.7.2)
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The first 10 terms are shown in chapter 1 (formulas 1.9.87 — 1.9.127) to

the rigid wing. Here we will show the formulas for the deformable wing

(formulas from 11 to 21). As the formulas to common case are too

cumbersome we shall deal with the case when (¢, = @, =90°)

Croi =Dy

39,5,\242 +1 0.(3) , 0.375
- 1+ -0.(5)%| 1+ -
824} (222 +1) (5)% (222+1)

2 2
3o 0.(3) 027789 1+ 0375 ||,
824, (222+1) (222+1)
2 g3 2 2
+(Sho) F8,A222 +1X] 1-0.3)8 | 1+ 0.125
8424, (222+1)
2 92
M[1—0.083392]+
8b 0
Sh,) $5,X
Crs1n =Dy, +7( Olbﬂ:‘,u h[1*0.5834902:|7
2 Q3
_(Sho) ‘9050)(1) [1_0.417902}
8h

(Shy)* 925, , 0.125
Che s =D, 40 20700 (3)9| 1+
e ”{ 8322, (3)% (242 +1)

——

,(2.7.3)

(2.7.4)

, (27.5)
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Shy )" 925,
CPG—M = DM {(Sob)zﬂvoo
P

8bA,

8bA,

pe-15 = s

16b4,

8b

(

2 g2
M 1_0.(3)902 1—
86 4424 +1

0125
2
Asny s, | ()

- 2 2
1662 2,222 +1 0208 [1_

2(Sh ) 925,
_M 1_0.(3)‘902 1-
8b7\[242 +1

2(Shy ) 88,2, X}

- 1-0.(3
8b7\[247 +1 [ G)

3(Sh,) 926,X,
—M(1—0.1399§)+
(Sho )2 '91)250Xb

(Sh,)" 935,X,

(Sh,)" 9:5,X,

(1-0.58349;)

(1-0.5839;)

03125 ||
247 +1)

el
el

o, 03125
(24 )

(1-05219)-

ﬂ

>

(1—0.0833902)}, (2.7.6)

(2.7.7)

(2.7.8)
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3(Sh,) 926,

L (1—0.13995)}, (2.7.9)

CP<H7 =D, {_

Coore= DIS{_\W‘W?[FO,@)S&[I— 0.125 m (2.7.10)

8b° (24, +1) (227 +1)

1662} 227 +1) (227 +1)

Cpﬁ_,9=D,9{3(Sh°)9°6° [H(O-(é) _0.139902[“ 0.275 ﬂ} @711

Sh,) 9,52
Cren =Dy {(5’221”(1 - 0.0833902)}, (2.7.12)
P

CPHI—DN{(S}ZO) (2 +1)Xl[1—0.(3).9§[1+ 0.125 ﬂ} (2.7.13)

8322, (222 +1)
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Chapter 3. A comparison with experimental results and

theoretical models

A comparison with experimental and theoretical simulations is the

best check of the design formulas feasibility.
Prior to the comparison let us describe the methods estimation of

some parameters inherent in the design formulas. First and foremost we

will consider the aerodynamic (rotary) derivatives.

3.1. Aerodynamic (rotary) derivatives

In the works (Belotserkovskii, 1958; Belotserkovskii,
Skripatch, Tabachnikov, 1971) the aerodynamic (rotary) derivatives

coefficients are tabulated. These data are obtained by the application of

the numerical method to the different wings and Strouhal numbers.

But derivatives values are given for the wing pressure center

which are positioned in the ¥4 wing chord from the wing leading edge.

In the design formulas all parameters are given relatively to the
wing center. Therefore tabulated derivatives values were calculated
relatively to the wing centre. The table 3.1 lists the converted values of

the aerodynamic (rotary) derivative coefficients.
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Table. 3.1. The aerodynamic (rotary) derivatives coefficients of the infinite wing
(relatively to the wing centre)

Sh a a . . a a @, .
Cy( Cy( Cyr Cyc mz( mz( mzc m:(

004 [ 6055 | —10232 | 1514 | —295 | 1514 | -2.950 | -0.014 | -0.788
008 5823 | —7.540 | 1455 | —2278 | 1456 | -2278 | -0.029 | -0.618
012 5593 | —5896 | 1399 | —1867 | 1399 | -1.867 | -0.043 | -0516
016 | 5406 | —4.728 | 1352 | —1575 | 1352 | -1.575 | -0.055 | -0.443
020 [5228 | —3.842 | 1304 | —1354 | 1307 | -1.353 | -0.066 | -0387
024 5066 | —3.144 | 1267 | —1179 | 1267 | -1.179 | -0.076 | -0344
028 [4922 | —2578 | 1231 | —1.038 | 1231 | -1.037 | -0.085 | -0308
032 [4793 | —2.111 | 1198 | —0920 | 1198 | -0.920 | -0.093 | -0.279
036 | 4676 | —1.723 | 1169 | —0823 | 1.169 | -0.823 | -0.100 | -0.255
040 | 4572 | —1392 | 1143 | —0741 | 1.143 | -0.741 | -0.107 | -0.234
044 [4477 | —1.110 | 1119 |—06700| 1119 | -0.670 | -0.113 | -0216
048 | 4391 | —08666 | 1098 |—0.6094| 1.098 | -0.609 | -0.118 | -0.201
052 [4313 | —06549 | 1079 |—05565| 1078 | -0.556 | -0.123 | -0.188
056 | 4242 | —04701 | 1061 |—05103| 1061 | -0.510 | -0.127 | -0.176
060 [ 4178 | —03068 | 1045 |—04694 | 1045 | -0469 | -0.131 | -0.166
064 [4119 | —01630 | 1030 |—04335| 1030 |-04335| -0.150 | -0.157
068 4055 | —00351 | 1018 |—04015 1018 |-04015| -0.138 | -0.150
072 [ 4015 | +00794 | 1004 | —0373 | 1004 | -0373 | -0.141 | -0.142
076 | 3969 | 0.1827 | 0993 |—03470| 0993 | -0.347 | -0.145 | -0.136
080 [3927 | 02749 | 0982 | 0324 | 0982 | -0324 | -0.147 | -0.130
084 |3.887 | 03583 | 0972 [—03032| 0972 |-03032| -0.149 | -0.125
088 | 3852 | 04341 | 0963 |—02841| 0963 |-02841| -0.151 | -0.120
092 | 3818 | 05033 | 0955 |—02668 | 0955 |-02668| -0.154 | -0.116
096 3786 | 05661 | 0947 [—02511| 0947 |-02511| -0.156 | -0.112
100 [3757 | 06239 | 0939 [—02367| 0939 |-02367| -0.158 | -0.108
120 | 3.637 | 08493 | 0909 | —0.1804| 0909 |-0.1804 | -0.165 | -0.094
140 (3549 | 1004 | 0887 |—0.1419| 0887 |-0.1419 | -0.171 | -0.085
160 [3482 | 1113 | 0871 |—0.1144] 0871 |-0.1144| -0.175 | -0.078
180 [3430 | 1.195 | 0858 |—00942| 0858 |[-0.0942| -0.178 | -0.073
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2.00 | 3.389 1.256 0.848 | —0.0788 0.848 -0.0788 | -0.181 -0.069
3.00 | 3274 1.417 0819 | —0.0387 0.819 -0.0387 | -0.188 -0.059
400 [ 3223 1.480 0.806 | —0.0226 0.806 -0.0226 | -0.191 -0.055
5.00 | 3.196 1.511 0799 | —0.0128 0.799 -0.0128 | -0.192 -0.052
10.0 | 3.157 1.555 0.789 | —0.0038 0.789 -0.0038 | -0.195 -0.050

oo |3.142 1.571 0.786 | —0.0001 0.786 -0.0001 | -0.196 -0.049

Table 3.2 The acrodynamic (rotary) derivative coefficients to the rectangular wings

(relatively to the wing centre)

y) Sh a o . . . R
Cy“ CJ"(' C‘.VC CJ"(' mZ mz m_fi: m_fi:
025 050 (0392 [0.339 | 0.162 0.0003 0.171 |—0.001 |—0.077 |—0.022
025 |1.0 0391 0344 | 0.170 —0.001 | 0.171 0 —0.075 |—0.023
025 |2.0 0389 0342 | 0.171 —0.001 | 0.17 0 —0.074 |—0.023

0.50 1025 (0772 |0.576 | 0.300 —0.008 | 0.30 |—0.006 |—0.114 |—0.035
0.50 10.50 |0.771 |0.584 | 0.299 —0.003 | 0.3 —0.004 |—0.114 |—0.033
0.50 |1.0 0.770 |0.589 | 0.299 —0.002 | 0.3 —0.002 |—0.114 |—0.033
0.50 |2.0 0.766 0.590 | 0.298 —0.001 | 03 0 —0.114 |—0.033

1.00 | 0.25 145 |0.832 | 0.486 —0.026 | 0483 |—0.021 |—0.141 [—0.047
1.00 | 050 144 10.850 | 0.485 —0.019 | 0.480 |—0.019 |—0.141 |—0.046
1.00 1.0 143 |0.865 | 0475 —0.006 | 0.477 |—0.012 |—0.143 |—0.043
1.00 2.0 1.40 |0.884 | 0.467 —0.006 | 0467 |—0.007 |—0.144 |—0.042

20 (025 243 10.806 | 0.713 —0.112 | 0.706 |—0.11 —0.166 |—0.074
20 (050 238 0.880 | 0.685 —0.087 | 0693 |—0.085 |—0.144 |—0.069
20 |10 227 10.989 | 0.663 —0.056 | 0.661 |—0.054 |—0.133 |—0.060
20 |20 215 |1.10 0.623 —0.026 | 0.628 |—0.023 |—0.105 |—0.052

40 025 347 0.100 | 0933 —0492 | 0933 |—0.336 |—0.116 |—0.112
40 050 326 10473 | 0.875 —0.243 | 0.877 |—0.238 |—0.130 |—0.106
40 (1.0 296 10.895 | 0.800 —0.128 | 0.797 |—0.119 |—0.151 |—0.083
40 |20 272|118 0.730 —0.046 | 0.734 |—0.047 |—0.171 |—0.068

Table 3.3 The aerodynamic (rotary) derivatives coefficients to the triangular wings
(relatively to the wing centre)

Sh a a . o, a a w. @,

A Ce | G |Ci Co | mi | mi | my | mi
050 0.5 0.698 10.210 0.269 0.045 -0.096 -0.047 | —0.107 | —0.017
050 |1.0 ]0.697 |0.212 0.269 0.044 -0.092 -0.046 | —0.107 | —0.017
050 2.0 [0.698 |0.214 0.268 0.045 -0.091 -0.046 [—0,07 | —0.017
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1.0 025 |126 [0.322 0.544 0.052 -0.132 -0.072 |—0.148 | —0.026
1.0 050 |1.26 [0.336 0.543 0.054 -0.133 -0.073 |—0.144 | —0.024
1.0 1.0 126 (0.344 0.537 0.058 -0.131 -0.07 |—0.146 | —0.024
10 20 1.24 ]0.347 0.535 0.060 -0.133 -0.069 |—0.146 | —0.025
20 025 |2.15 |0.383 0.863 0.017 -0.141 [-0.117 |—0.144 | —0.041
20 050 |2.13 (0414 0.858 0.030 -0.147 (-0.112  |—0.145 | —0.039
20 1.0 2.10 10438 0.835 0.038 -0.149 [-0.111 |—0.149 | —0.036
20 20 202 0476 0.805 0.054 -0.153 [-0.104 |—0.150 | —0.033

40 (025 |3.33 ]0.077 1248 |—0.163 -0.065 [-0261 [—0216 |—0.096
40 (050 (324 (0.182 122 —0.121 -0.091 [-0.221 [—0.224 |—0.082
40 (10 |3.07 ]0352 1.153 | —0.061 -0.126 [-0.166 |—0.239 [—0.062
40 (20 (281 [0.522 1.058 +0,005 -0.160 [-0.130 [—0.247 |—0.049

Table 3.4 The aerodynamic (rotary) derivatives coefficients to the ring wings
(relatively to the wing centre)

O B G B B B I I N

0.5 154 1.12 0.586 —0.001| 0.586 | —0.001 | —0.209 | —0.019
1.0 290 1.53 0935 —0.044| 0933 —0.043 | —0.247 | —0.084
L5 3.99 1.46 1.173 —0.133| 1171 —0.133 | —0.237 | —0.111
20 4383 1.12 1343 —0.256| 0.34 —0.256 | —0.217 | —0.144
25 547 0.632 1473 —0,.98 0471 —0.398 | —0.198 [ —0.18

30 5.99 0.086 1583 —0,.44 0.581 —0.545 | -0.190 | —0214

The formulas to the convert will look like
Co=Co, C:=C%, C% =C™ +C%,, C% =C* +C%¢,,
mi =me = Cléy, mh =ml —Cl&, m =m —(Cy —m! )& - Ci&y,

zc zc zc

me = m’ 7(Ci” —-m )50 7Cf§02. 3mech £, =-0.25.

zc z
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3.2. The wing virtual mass

Other parameter which we must determine is the virtual mass. In
the book (Belotserkovskii, Skripatch, Tabatchnikov, 1971) the virtual

mass is defined as
b(l
Ay =k pSb, TIE Ky :( b j(kzz),, (3.2.1)

where (k,, ), is the virtual mass coefficient tabulated to the wings of the

different forms and Strouhal numbers.

The virtual mass coefficients were defined by means of the
methodic described in the book (Belotserkovskii, Skripatch,
Tabachnikov, 1971) in the origin of the coordinates placed in the leading

edge of the median aerodynamic chord.

To convert the virtual mass coefficients values to the wing root

chord b we can use formula

b
ky, :f(kzz)ﬂ, 3.22)
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where

2
1
b2 gy
b 3 n(n+1)

Here n = bﬂ , b —the chord at the wing centre , 5, - the chord at the wing
k
end.

In particular for the rectangular wing we can write ,, =(k,,) . For

the triangular wing k,, = %(k22 ), - The table illustrates values of the (k)

Table 3.5 The virtual mass coefficients

Zo || A (kzz)a o | M| A (k22)a Zo | (kzz)a

0.25 | 0.1605 0.25(0.1206 0.25]0.1514
0.5 ]0.2797 0.5]0.2241 0.5 |0.2446
1.0 |0.4283 1.0 | 0.3819 1.0 | 0.3165

0 |1 |15 |0.5098|30°5 | 1.5|0.4882|60° 1 |15 |0.3367
2.5 10.5905 2.510.6024 2.5 |0.3487
5.0 |0.6575 5.0 10.6764 5.0 |0.3545

10.0 | 0.6893 10.0| 0.6867 10.0| 0.3545
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0.25]0.1462 0.25/0.0923 0.25]0.1526
0.5 ]0.2628 0.5 10.1738 0.5 |0.2750
1.0 04211 1.0 | 0.3070 1.0 | 0.3959
1.5 |0.5157|30° 1.5]0.4078 | 60° 1.5 04220
2.5 10.6142 2.5(0.5391 2.5 104189
5.0 |0.6944 5.0 | 0.6600 5.0 10.3919
10.0 | 0.7278 10.0| 0.6939 10.0| 0.3722
0.250.1173 0.25(0.1571 0.25]0.1248
0.5 |0.2140 0.5 1 0.2656 0.5 |0.2338
1.0 ]0.3571 1.0 | 0.3812 1.0 10.3902
1.5 [0.4536 |45° 1.510.4297 | 60° 1.5 104575
2.5 10.5696 2.510.4668 2.5 | 0.4689
5.0 ]0.6822 5.0 1 0.4904 5.0 |0.4382
10.0 | 0.7364 10.0| 0.4983 10.0| 0.4120
0.25 ] 0.0892 0.25(0.1511 0.25] 0.0961
0.5 |0.1656 0.510.2753 0.5 |0.1830
1.0 ]0.2861 1.0 { 0.4343 1.0 ]0.3241




254

0 1.5 |0.3757|45°(2 | 1.5|0.5069 | 60° 1.5 104185
2.5 10.4966 2.510.5505 2.5 04816
5.0 |0.6378 5.0 1 0.5559 5.0 |0.4625
10.0 | 0.7202 10.0] 0.5454 10.0| 0.4291
0.25 1 0.1593 0.25]0.1226 | 86725’ 0.25] 0.0892
0.5 |0.2746 0.5 |0.2291 | 82°52° 0.5 |0.1656
1.0 |0.4109 1.0 ]0.3909 | 75°57° 1.0 | 0.2861

30° 1.5 |0.4791 45°5 | 1.5 |0.4925| 69728’ 1.5 | 0.3757
2.5 10.5401 2.5 10.5770 | 58°00° 2.5 |0.4966
5.0 |0.5851 5.0 |0.5966 | 38°40° 5.0 |0.6378
10.0 | 0.6040 10.0| 0.5787 | 21°48° 10.0| 0.7201
0.25 ] 0.1495 0.25] 0.0940
0.5 |0.2719 0.5 |0.1783
1.0 |0.4384 1.0 | 0.3168

30° 1.5 |0.5306|45° o | 1.5 |0.4197
2.5 10.6103 2.5 |0.5398
5.0 |0.6518 5.0 |0.6063
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10.0 | 0.6566 10.0] 0.5962

The table contains the parameters which need to be explained. The

values of the parameters are shown in fig. 3.1.

AX
b/2 o z
0 -
by b/2

Fig. 3.1 The wing diagrammatic sketch

The wing aspect ratio
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12
A=—. (324
S (324)

Parameter y, is clearly visible at the wing diagrammatic sketch.

3.3. A comparison with Russian experimental and theoretical

works (rigid wing)

In Russian scientific literature there are few experiments and

theoretical simulations.

One of the first experimental works is: (Grebeschov, Sagoyan,
1976) In this paper hydrodynamic investigation of two wings is reported.
The wings execute the small amplitude heaving and pitching oscillations

(the first cinematic regime) with the constraint

T
==, 2.
0=2 (3.25)

The first wing has the profile NACA-0015 (relative thickness
15%) and the second wing has the profile TSAGI KV-1-7 (relative
thickness 7%).
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But we will compare the theoretical results (calculated using
design formulas) with the results of the experimental research of the
wing NACA-0015 only. The point is that in studies of the wing TSAGI
KV-1-7 the separation flow is observed on the wing leading edge when

angle of attack is more than 8§ degries.

The wing kinematic in the work (Grebeschov, Sagoyan, 1976) has

the following form

y=y,cosat,(3.3.1)

9=aq,-Psinwt. (3.3.2)

Here y,/b=0.285, a,=3.7" =0.065 pax, B=3°=0.052 pag. We suppose

that cos@~1 and sin9~ 9.

In the work (Grebeschov, Sagoyan, 1976) the thrust coefficient

has the following form

c__ R R 7

pS(Ug +y§a)2) - pSU; (lﬁ + l)

, (33.3)

T
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The thrust coefficient can be shown as:

The terms in the right hand of the formula can be written as:

- A 1 (1
kri=C% —L—| —| —— Al, (3.3.5
T e /1;+1L,1,% (AP ﬁ} } (3.3.5)

— 2 .
From—2r o Pl (336
22 +1 pSh ) X,

_ 2
k=L, (33.7)
A1 X,




259

2011 Y
- T
krs =———2—| —| —- >+ 4|, (339
2z§+1{2[/1,1 ﬂj Tar } (3-39)

— A2
kre =—C 2[’ 1+ 12
Ap +1 22,

j..(3.3.10)

here

()

2 022
A:#.(&&ll)

Fig. 3.2 shows experimental data from the work (Grebeschov,
Sagoyan, 1976) and calculation results using the formulas for the case of

harmonic heaving and pitching wing oscillations.
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Ky
Ol a=3.7%p=3"H=0.65
0.08+ Y/b=0.285 b=0.175m
1
0.06} _T_ 2
N
0.02F *’¢¢ i—g *
e 4 4
9 2 3 4 5 %‘ d

Ap

Fig. 3.2 Experimental thrust coefficient (1) and calculated using
the formulas (2) for the case of harmonic heaving and pitching wing
oscillations. The wing submergence into water during experiments was

equal H=0.65 (wing chords).

Fig. 3.3 illustrates the results of the thrust coefficient measuring

and calculation using formulas to pure heaving wing oscillations.
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Fig. 3.3 The thrust coefficient measured (1) and calculated using

formulas (2) to pure heaving wing oscillations

Some interesting experimental results were obtained in the work

(Grebeschov, Sagoyan, 1976) to pure pitching wing oscillations.

In the work (Grebeschov, Sagoyan, 1976) the pitching amplitudes
were equal 10°, 15° and 20°. Such angles are not to be supposed small. In

this case the wing wake is not to be supposed plane.
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The wake nonlinearity can be accounted by the next method. As
the wing pitch-axes is situated at ¥4 chord from the wing leading edge we

can write the oscillation law of the wing trailing edge

y=0.75bsin 3, (3.3.12)

where

9=pBsinewt. (3.3.13)

The velocity of the transverse moving of the wing trailing edge

will look like

¥ =0.75b9cos 3 = 0.75bwf cos(Bsinwt)cos ot . (3.3.14)

Suppose that

cos(Bsinawt)~1. (3.3.15)
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Next

y=0.75b9cos 9 = 0.75bwf coswt . (3.3.16)

Maximum speed of the flow around the wing trailing edge can be

written down

U =Un1+(Sh,) (0.758)" . (3.3.17)

Then Strouhal number to obtain the aerodynamic (rotary)

derivatives using tables 1-4 can be written down

Sh,

Sh=—o 20
1+(Sh, ) (0.758)°

. (33.18)

Fig.3.4 shows measured thrust coefficients and calculations using

design formulas to pure pitching oscillations
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CrL H=1.65; Yo/b=0
0.18 - §-po
0-/3:15"} 1

0.16 -2

B o-pg=10°
e ® )(~ﬁ=15”} 2
042k +-}g=20°

o
0.10F (o]
0.08f +
o
0.06
0.04 +
X
0.02f o
+ X
0 T Y L A
1 o X 2 Ixu Py
0.02F == = = = = - - = ---L-
+ & . *EJ

Fig.3.4 The experimental thrust coefficients (1) and calculated

using design formulas (2) to pure pitching oscillations

In the works (Zaitsev, Fedotov, 1986; Fedotov, 1987;
Tchekhovtsov, 1995, 1999) the mathematical model was devised. This
model describes rigid wing oscillations when linear moving and angle of

attack are varied harmonically.
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The numerical method is used for hydrodynamic forces and
efficiency estimation of the infinite wing (Tchekhovtsov, 1999) and of

the finite aspect ratio complex-shaped wing (Zaitsev, Fedotov, 1986).

CrCe

08 1

04 4

Fig.3.5 Comparison of the trust coefficients of the infinite wing
obtained using numerical method (Tchekhovtsov, 1999) (line) and
calculated using design formulas (black dots). Fig.3.5 shows also the

power coefficients (crosses) obtained using design formulas too and
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instantaneous angle of attack using data of the work (Tchekhovtsov,
1999) (dotting). Axis of abscissa shows the distance between the pitch-

axes and the wing leading adge.

02

Fig.3.6 Comparison of the efficiency coefficients of the infinite
wing obtained using numerical method (Tchekhovtsov, 1999) (line) and

calculated using design formulas (crosses).
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We can conclude that accord between the results obtained by the
numerical methods and calculated using design formulas is satisfactory.
It is true when the wing pitch-axes is placed within the wing chord. The
theoretical results have failed to agree with calculated using design
formulas when pitch-axes is placed outside the chord (d >1). The reason

is that instantaneous angle of attack is very large. (Fig. 3.5).

34. A Comparison with English experimental and

theoretical works (rigid wing).

The results obtained by using the inviscid numerical methods are
presented in the works (Pedro at al.,2003, Zhou and C. Shu, 2011). The
thrust coefficients were obtained as a function of the phase angle
between the heaving and pitching oscillations of the rigid infinite wing.

The kinematic parameters (in the our designations) of the wing are: Sk, =

1.57, 9, =30°, % =0.5, 4, =127, X, =—1/4.

Fig.3.7 shows the results of the cited works and our results
obtained by using the design formulas. The thrust coefficients were
obtained as a function of the phase angle between the heaving and

pitching oscillations of the rigid infinite wing. The aerodynamic (rotary)
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derivatives were obtained using table 1 are: C2=3,6216, Ci= 0.8764,

€=0.9052, C%=—0.1737.

Fig. 3.8 shows the numerical estimation results of the thrust
coefficients from the work (Pedro at al., 2003) and our results obtained
by using the design formulas to pure pitching oscillations versus the
Strouhal number. The aerodynamic (rotary) derivatives obtained using
table 1 for Strouhal number equal 10 are: Ci= 3.157, Ci= 1.555,
Cr:=0.789, Ci:= -0.0038. For Strouhal numbers equal 20, 30 and 40

derivatives coefficients are of the same value and equal Cj=3.142, Ci =

1.571, ¢:=0.786, C2=-0.0001. The pitching amplitude 9, = 5°,
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Cr 0.3

0.2
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TT T T [T T T T[T T T T[T T T T[T TITTr[TTTIT]
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(po

Fig.3.7. Comparison of the results presented in the works (Pedro at
al.,2003, Zhou and C. Shu, 2011) (1 and 2) and our results obtained
using the design formulas (3) versus phase between heaving and pitching

oscillations.
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Fig.3.8. Comparison of the results presented in the work (Pedro at al.,
2003,) (1) and our results obtained by using the design formulas (2)

versus Strouhal number to pure pitching oscillations.

Fig. 3.9-3.17 show the comparison of the results obtained by using
numerical methods, experimental results and results obtained by using
the design formulas. The thrust coefficients, the power coefficients and
efficiency of the rigid infinite wing were estimated using linear and
nonlinear theory, experiment and calculations using the design formulas.

Phase angle between the heaving and pitching oscillations equal 90°.
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Horizontal axes shows Strouhal numbers Sk, =$—b (lower scale)
0

f ATE

and St, = o Here 4, is the double heave amplitude of the wing
0

trailing edge. To estimate this value it is necessary to set up the equation
of the wing trailing edge moving. The solution of the equation will give

us the oscillation amplitude.

The simulation of the ideal two-dimensional flow around the
Joukowski profile was used in the work (Anderson et. al., 1998) to
obtain non-linear numerical solution. The author of this work supposed

that the wing wake consists of an array of alternating vortices.

In the work (Shuchi Yang, Shijun Luo, Feng Liu, Her-Mann Tsai,
2005) to investigate the mechanism of thrust generation by flapping
wing, the inviscid version of a three-dimensional unsteady compressible
Euler/Navier Stokes flow solver is used to simulate the flow field around
flapping wing NACA 0012 at low speeds. Sinusoidally plunging or/and

pitching oscillations are studied.

In the work (Young J., Lai J.C.S., Kaya M., Tuncer I.H. 2004) a
two-dimensional unsteady Navier Stokes solver was used too. In

addition, large-amplitude unsteady panel method (UPM) was used.
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In the experiment (Anderson et. al., 1998) the wing NACA 0012
was used with chord equal to 10 cm and span 60 cm, fitted with circular
end plates of radius r = 30 cm to ensure a two-dimensional flow along
the major part of the wing and reduce end effects. As a result, the
effective aspect ratio is larger than the normal value of 6. The one-third-
chord point was used as the pivot point. A single harmonic heave and
pitch motion was imposed with various combinations of heave
amplitude, pitch amplitude, frequency, and relative phase angle. Most
tests were conducted with a phase angle between heave and pitch equal
to 90°, while a limited investigation was also made for the effect of a
phase angle, which was varied between 75° and 105°. Force and power

data are measured at Reynolds number 40000.

We should focus our attention at the two contingencies: first,
different simulations give the distinguishable results, second, in specific
cases experimental results differ from theoretical. This problems arise

from ignoring the friction and form drag.

The results obtained by using design formulas correlate well with

the results of the numerical solutions and experimental results.
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I O I A

Fig.3.9: The thrust coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3,5,6 — nonlinear
numerical solutions (Anderson et. al., 1998, Shuchi Yang, Shijun Luo,
Feng Liu, Her-Mann Tsai, 2005, Young J.,Lai J.C.S., Kaya M., Tuncer
LLH. 2004), 4 — linear theory, 7,8 — calculation results using design
formulas. Calculations (7) obtained without considering the wing drag,

(8) — the results with consideration the wing drag. The wing kinematic

parameters are: Yo/ = 0.75, 00y = 15°.

b
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Fig. 3.10: The power coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3 - nonlinear numerical
solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo, Feng Liu,
Her-Mann Tsai, 2005), 4 - linear theory (Garrick, 1936), 5 - calculation
results by using design formulas obtained without considering the wing

drag, 6 — the same with consideration of the wing drag. The wing

kinematic parameters are: Yo b= 0.75,, = 15°.
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Fig.3.11. The efficiency coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3,5,6- nonlinear
numerical solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo,
Feng Liu, Her-Mann Tsai, 2005 Young J.,Lai J.C.S., Kaya M., Tuncer
ILH. 2004), 4 - linear theory (Garrick, 1936), 7 - calculation results using
design formulas obtained without considering the wing drag, 8 — the

same with consideration of the wing drag. The wing kinematic

parameters are: yob =0.75,a,=15".
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Fig.3.12. The thrust coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3 — nonlinear numerical
solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo, Feng Liu,
Her-Mann Tsai, 2005, 4 — linear theory, 7,8 — calculation results using
design formulas. Calculations (7) obtained without considering the wing

drag, (8) — the results with consideration of the wing drag. The wing

kinematic parameters are: 7o/ =0.75, ¢, =5°.

b
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Fig.3.13. The power coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3 - nonlinear numerical
solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo, Feng Liu,
Her-Mann Tsai, 2005), 4 - linear theory (Garrick, 1936), 5 - calculation
results using design formulas obtained without considering the wing

drag, 6 — the same with consideration the wing drag. The wing kinematic

parameters are: » b= 0.75, 0, =5°.
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Fig.3.14. The efficiency coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3 - nonlinear numerical
solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo, Feng Liu,
Her-Mann Tsai, 2005),, 4 - linear theory (Garrick, 1936), 5 - calculation
results using design formulas obtained without considering the wing

drag, 6 — the same with consideration the wing drag. The wing kinematic

parameters are: Yo b= 0.75,c, = 5°.
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Fig.3.15. The thrust coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al, 1998), 2,3,5,6 — nonlinear
numerical solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo,
Feng Liu, Her-Mann Tsai, 2005; Young J.,Lai J.C.S., Kaya M., Tuncer
I.H. 2004), 4 — linear theory (Garrick, 1936), 7,8 — calculation results

using design formulas. Calculations (7) obtained without considering the
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wing drag, (8) — the results with consideration of the wing drag. The

wing kinematic parameters are: o j, =0.25,a, = 15°.

25

20+

06 St

- 02 03 04 05
0 ’||||l|\|\|1|1||11||\|J|1||||x|

0 12 20 i 40 Shy

Fig.3.16. The power coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3 - nonlinear numerical
solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo, Feng Liu,
Her-Mann Tsai, 2005), 4 - linear theory (Garrick, 1936), 5 - calculation

results using design formulas obtained without considering the wing
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drag, 6 — the same with consideration of the wing drag. The wing

kinematic parameters are: Yo/ =0.25,¢, =15°.

b

o8~ o on B e ra

Fig.3.17. The efficiency coefficients versus Strouhal number: 1 —
experimental results (Anderson et. al., 1998), 2,3,5,6 - nonlinear
numerical solutions (Anderson et. al., 1998; Shuchi Yang, Shijun Luo,
Feng Liu, Her-Mann Tsai, 2005; Young J.,Lai J.C.S., Kaya M., Tuncer
I.H. 2004 ), 4 - linear theory (Garrick, 1936), 7 - calculation results using
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design formulas obtained without considering of the wing drag, 8 — the

same with consideration of the wing drag. The wing kinematic

parameters are: »? p =025, 0, = 15°.

Let us use design formulas to estimate the rectangular rigid wing
thrust coefficient. Such wing was used in the experimental research
(Prempraneerach at al., 2003). The wing aspect ratio equal 5. The wing
kinematic parameters correspond to the third variant (formulas (1.5.6)-
(1.5.7)) and characterized the following values: pitch-axes is at a
distance of 1/3 chord from the leading edge (in this case relative

coordinate is X,=-1/6), interval of the max angle of attack is from 10° to

30°. % =0.75, Uy = 0.4 m/c, 5t=0.15-0.45 (Sh,=0.628-1.884),

Strouhal number in the work (Prempraneerach at al., 2003) will

look like:

_2n/f 3.4.1
St 0 (34.1)

This expression and Sk, are in the ratio

Yo (Sho)
br

St=

(3.4.2)
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The design formulas (2.4.32) — (2.4.39) contain angels «,,3, and

thereof sum 6,.

In the experiment onely the angle of attack is known. Other two
angles can be obtained from the formula (1.8.50), which will look like:

y=U,g0 .

Let us expand the right-hand of this function in series and limit
only by the four terms. Upon integrating the series with respect to the

time we obtain following expression which links Sk, and 6:

%Sho =0, (1+0.2220; +0.0716; +0.016; ). (3.4.3)

The Tabl.3.6 illustrates calculated values of &, when Sk, is varied

through a range 0.4-2.0 and %=1 (as an example).
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Tabl.3.6 Computed values 6 vs. Sh, when %Il.

Shy 6, pan
0.4 0.39
0.7 0.64
1.0 0.85
1.2 0.98
1.6 1.14
2.0 1.27

Tabl.3.7 shows aerodynamic (rotary) derivatives coefficients

(converted relatively to the wing centre) for Strouhal numbers used in

the experiments (Prempraneerach at al., 2003)

Table.3.7. Aerodynamic (rotary) derivatives coefficients (converted relatively to the

wing centre) for the wing aspect-ratio equal 5.

St

Sh, Sh

a
CV(‘

a
c

c

ye

c®

ye

F:

0.15

0.63 | 0.568

3.348

0.45

0.873

-0.26

0.901

-0.24

-0.13

-0.11
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0.25/1.05 | 0.8 |3.202]0.665| 0.843|-0.2 |0.863|-0.18 | -0.14 | -0.1

0.35/1.46 | 0.921|3.082|0.777| 0.828|-0.17 | 0.844| -0.15 | -0.14 | -0.1

0.45/1.88 | 0.949| 2.985| 0.803| 0.824|-0.17 | 0.837| -0.15 | -0.14 | -0.1

Fig.3.18 and Fig.3.19 show the thrust coefficients and efficiency
from the work (Prempraneerach et. al. 2003) and values calculated with
the help of the design formulas (third kinematic variant) versus angle of

attack
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Fig.3.18. Comparison of the experimental (different points) and

calculated (solid lines) data.
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Fig.3.19. Comparison of the experimental (circles)

(Prempraneerach et. al., 2003) and calculated (triangular) data.

We notice that calculated values agree closely with experimental

when angles of attack and Strouhal number are small.

Fig.3.20 shows the results of the theoretical estimations of the
rigid wing thrust coefficients. The wing executes only heaving
movement (Platzer at al.,, 2008). Fig.3.20 illustrates also the results

calculated using design formulas.
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1.0

Fig.3.20 Thrust coefficients vs. Strouhal number when %: 0.4. The

wing executes only heaving movement: 1 — Garrick linear theory, 2 —

panel method (deforming wake), 3 — panel method (flat wake) 4 — Navier

Stokes theory, 5 — calculation using design formulas

We notice that calculated values agree closely with results

obtained using nonlinear theory for the deformed wake.
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Fig.3.21 and Fig.3.22 show calculated results of the rigid wing
thrust coefficients to the pure heaving oscillations versus % and Sh,

(Tunzer at all., 1998).

Cy
Sha=0.5

025
ozr She=0.25
0.15F

. \Q
04 2T 6 She=1.0 She=0.25 |

.

© Shy=0.5
0.0sF

0 1 1.2 14

16
Yolb

Fig.3.21. The rigid wing thrust coefficient vs. relative amplitude
and relatively small Strouhal numbers calculated to the pure heaving
oscillations (Tunzer at all., 1998) (different points: nonlinear theory).

Figure shows also results calculated using design formulas (crosses)
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Fig.3.22. The rigid wing thrust coefficient vs. relative amplitude and
relatively large Strouhal numbers calculated to the pure heaving
oscillations (Tunzer at all., 1998) (different points: nonlinear theory).

The Figure also shows results calculated using design formulas (crosses)

Fig.3.23 shows rigid wing efficiency (Tunzer at all., 1998) for different

flow over mode.
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Fig.3.23. The rigid wing efficiency (Tunzer at all., 1998) vs. Strouhal
number for different flow over mode: 1 — flow over mode without flow
separation (Navier Stoks theory), 2. - flow over mode with flow
separation (Navier Stoks theory), 3 — panel method, 4 — calculation using

design formulas. The wing executes the pure heaving oscillations.

Analysis results shows (Fig. 3.21 - 3.22) remarkable accord
between nonlinear theory and calculation using design formulas when

wing flow over mode is without flow separation.
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3.5. The estimation of the application limit of the design

formulas

Let us estimate the values interval of the kinematic parameters

characterized application of the design formulas.

The work (Jones, Platzer, 1997) illustrates the wake classification

of the pure heaving wing oscillations versus the Strouhal number and

relative amplitude when Shyy, % = 1. In the cited work k=Shy, h=" % )

-------
%,

..............

— .

k=10.0, h =0.01

s

sk

k=10,h=01

. Sl

k=0.1,h=1.0
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Fig.3.24. A wake classification to pure heaving wing oscillations.

Here k=Sh,, h="" % .

When k = s,=0.1 and h = Y 5, =1.0 the wake is almost linear.

When k= Sh,=1 and h = y% =0.1 the wake is non linear and non

deformed.

In this case the wake parts move down and shape the sinusoidal
wake with constant wave length and amplitude. In this case it is possible
to use the design formulas. As this takes place, aerodynamic (rotary)
derivatives coefficients can be calculated using Strouhal number as

(1.5.7).

Fig.3.25 shows the thrust, power and efficiency coefficients versus

Strouhal number to pure heaving oscillations (Jones, Platzer, 1997).

We can see that numerical methods results considerably differ
from linear theory results and calculated using the design formulas when

Sh, >4-5 because the wake is very deformed.

Fig.3.26 shows analogical results for combined plunging and
pitching (Jones, Platzer, 1997). We can see that efficiency calculated
using the design formulas differs from numerical methods results when

Shy > 5-10.
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Ct20,Cp*20,1

Fig.3.25. The thrust, power and efficiency coefficients versus

Strouhal number to pure heaving oscillations Shyy 5, =0.1: '1,2,3 — from
work (Jones, Platzer, 1997), 4, 5, 6 - from work (Garrick, 1936), 7, 8,9 —

calculated results using design formulas.
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Fig.3.26 The thrust, power and efficiency coefficients versus
Strouhal number for combined plunging and pitching when Shyy 3, = 0.1:

1, 2, 3 - numerical methods results (Jones, Platzer, 1997), 4, 5, 6 -

calculated results using design formulas.

We can see that the design formulas allowed investigations to be
made of linear and non linear problems when Strouhal numbers are no

more than 5.

3.6. A comparison with Russian and English experimental

and theoretical papers (deformable wings)

In Russian literature some investigations of the deformable wings
are known (Belotsercovski, 1972; Gluschko at.al.;1986; Gordon,
Rizchov, 1995; Rizchov, Gordon, 1998; Grundfest, 1995; Khramuschin,
2005).

In English literature such investigations are known much more.
The problem of deformable wings in these works is solved by using the

numerical methods.

There are some good experimental investigations (Prempraneerach

et al., 2003; Heathcote, Gursul, 2007). In some theoretical papers the
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authors conclude that deformable wing thrust is smaller than of a rigid
wing. In this case in contrast the efficiency is bigger (Katz, Weihs, 1978;
Rizchov, Gordon, 1998).

The results of the experimental investigations are not uniquely and

dependent on the wing kinematic parameters.

The deformable wing thrust is bigger than thrust of the rigid wing
when Strouhal number is small. When Strouhal number is large the
deformable wing thrust becomes smaller than one of the rigid wing. The
efficiency of the deformable wing is bigger than one of the rigid wing

under all values of the Strouhal number.

Fig.3.27 shows measurement results of the deformable wing thrust
coefficient versus Strouhal number and wing flexibility to pure heaving
oscillations. The different relative thicknesses steel plates were used as

flexible (deformable) wings (S. Heathcote and 1. Gursul, 2007).

It is seen that the most flexible (deformable) wing (b/c = 0.00056)
thrust coefficient is significantly higher than one of the stiffest,
essentially rigid wing (b/c = 0.00423) when Strouhal number is in the
range from 0.1 to 0.5. When Strouhal number is bigger than 0.5 the
effect is reversed. Here b — the plate thickness.

Fig.3.28 shows the efficiency of the same flexible wings versus

Strouhal number and relative wing thickness. It is seen that the
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efficiency of the flexible wings is significantly higher than of one of the
stiffest, essentially rigid wing (S. Heathcote and I. Gursul, 2007).

Thrust Coefficient, C,/Sr

- L] T
L L]
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w | e Gk
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Fig.3.27. Thrust coefficient versus Strouhal number and relative
wing thickness: 1 — b/c = 0.56.107, 2 — b/c = 0.85.107, 3 — bjc=1.13.
107, 4 — b/c=1.41. 107, 5 — bjc=4.23.10". Reynolds number is equal

9000. Strouhal number is Sr:% (here and next), a,, - the wing

0

leading edge amplitude.
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Fig.3.28. Efficiency versus Strouhal number and relative wing
thickness: 1 — b/c = 0.56.107, 2 — b/c = 0.85.107, 3 — b/c=1.13. 107, 4
— ble=1.41.107,5 — b/c=4.23.10". Reynolds number is equal 9000.

Let us estimate of the two section wing thrust coefficient using
design formulas versus Strouhal number to pure heaving oscillations. We

will use kinematic parameters: 22 =0.175, &, =-9° =-0.157 pao , Reynolds
b

number equal 9000.

Fig.3.29 illustrates calculation results. It is seen that results in

qualitative agreement with data shown on the fig. 3.27.
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Fig. 3.29. Two section wing thrust coefficient versus Strouhal

number. 1 —rigid wing, 2 - two section wing.

The paper (Prempraneerach et al., 2003) described the results of
the flexible rubber wing experimental researches. Some rubber types of
different flexibility were studied in the experiment. A more appropriate
type was identified as A60. In the paper (Prempraneerach et al., 2003)
the results are presented in the tabular form and were evolved into

graphical form (fig. 3.30 and fig. 3.31).
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Fig. 3.30. Flexible wing thrust coefficient is normalized to the
rigid wing versus Strouhal number (sort 460): 1 — harmonic heave and

pitch, 2 - harmonic heave and angle of attack.

It is seen that a flexible wing thrust coefficient is bigger than rigid
wing thrust coefficient when Strouhal number is small. When Strouhal

number is bigger than 0.4 the effect is reversed.
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Fig. 3.31. Flexible wing efficiency is normalized to the rigid wing
versus Strouhal number (sort 460): 1 — harmonic heave and pitch, 2 -

harmonic heave and angle of attack.

It is seen that a flexible wing efficiency is higher than efficiency

of rigid wing under all values of the Strouhal number.
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3.7. Dolphin’s fluke propulsion

Most of the wing theory studies have been performed for the
special case when pitch-axes placed at a range of 1/3 (or 1/4) chord from
the leading-edge and phase shift between heave and pitch near to 90°.
Systematic wing propulsion studies to different pitch-axes positions and

phase shift are absent. This makes mathematical simulation and

dolphin’s fluke propulsion correct estimation difficult.

3.7.1. Dolphin’s fluke simulation using flat rigid wing.

Let us estimate hydrodynamic forces of the rigid rectangular wing
on wide interval pitch-axes and phase shifts under experimental
dolphin’s fluke kinematic parameters. Solving this problem holds

significance in the flapping-wing propulsor’s design.

Experimental studies of the dolphin’s fluke kinematic are few in
number (Romanenko, Pushkov, 1998; Romanenko, 2001; Romanenko,
2002). Nevertheless principal motion parameters were measured:
swimming velocity, oscillation amplitude and frequency, shape and
geometrical parameters of the body and fluke, harmonic angular (pitch)

motion.
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Kinematic parameters were measured for two moving conditions:
constant velocity swimming and an accelerated swimming. Above
mentioned moving condition is most important because dolphin may
need to have either maximum thrust (for example, under accelerated

swimming) or maximum efficiency (under constant velocity swimming).

The experimental results allow definite conclusions that heaving
and pitching oscillations, as a rule, are well described by harmonic
functions. The phase angle between transverse oscillation and angular
motion is the critical parameter affecting the interaction of leading-edge

and trailing-edge vorticity. It is variable and may be different from 90°.

The position of the pitch-axes is variable too. Experimental data
(Romanenko, 2001; Romanenko. 2002) show that the pitch-axes position
was placed between 0.88 and 1.31 of chord when dolphin swimming

velocity was in the range from 2.2 to 4.3 m/c.

Thus estimation of the rigid wing propulsion in the wide range
kinematic parameters (pitch-axes position and phase angle between
heave and pitch) is very important to study dolphin’s fluke
hydrodynamic.

Estimations of the wing propulsion are though comparatively
uncommon when phase angle is arbitrary. The papers (Pedro at al, 2003;
Mittal, 2004; Zhou and Shu 2011) illustrate numerical solution of the flat
problem (infinite wing) when phase angle is arbitrary and in one pitch-

axis position.
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Fig.3.32 shows dolphin’s fluke photo. The outline (ABCD) is

symbolized as a rigid rectangular wing witch model dolphin’s fluke.

The wing (ABCD) area and span are equal to dolphin’s fluke area
and span. (It is necessary to stress that on fig. 3.32 axis OX is directed
rightward as distinct from fig. 1.1. The reason is that in the published
papers axis OX directed rightward. As of this, in the design formulas it is
need to change X, by (-X,)). Table. 3.8 and Table. 3.9 gave basic
dolphin’s kinematic parameters when he swims with constant speed and

with acceleration.
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Fig.3.32. Dolphin’s fluke photograph. The outline (ABCD) is rigid

wing model. The explanations are in the text.

Wing chord (ABCD) equal 0.126m (recall that real dolphins fluke

shape is near triangular and its chord equal 0.19m). On this assumption

the relative oscillations amplitude of the simulating wing % = 2.135

when swimming speed is constant. And % = 3.175 when dolphin

accelerated the rate of his swimming. The virtual mass of the simulating

rectangular wing equal 1,, = Skg (Belotserkovsky at. al. 1971), wing
area equal S = 0.063m’.

Table 3.8 A Dolphin and dolphin fluke kinematic parameters when

swimming speed is constant.

U, MC v, /L ST 9,.,par C

1

43 0.12 2.22 0.665 0.02
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Table 3.9 A dolphin and dolphin fluke kinematic parameters when dolphin

accelerated the rate of his swimming.

Upmc’ | a, mc? v, /L fie™ %,pan | C

1.5 2.6 0.18 1.46 0.766 0.02

Here U, - flow velocity, a — acceleration, y,/L - the ratio of dolphin
fluke oscillation amplitude to the body length, f— oscillation frequency,
9, - the angle of the wing slope, C — the dolphin fluke drag coefficient.

The thrust, efficiency and inductive reactance estimations of the
simulating rectangular wing were made by using design formulas
(chapter 1). As this takes place experimental dolphin fluke kinematic
parameters were used. Particular emphasis has been placed on the phase
angles when efficiency maximum was attained (in the case of the
different pitch-axes). The efficiency maximum was found attains when
the phase angle is near 90° and swimming speed is constant and
accelerated (X, is in the range from -0.5 to 0.5). This result conforms

with popular opinion about profitable wing mower work.

Fig 3.33 gives efficiency values of the rectangular wing versus of

the pitch-axes position.
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Fig 3.33 Efficiency values of the rectangular wing versus of the
pitch-axes position when phase angle equal 90° and flow velocity equal

43mc’.

Figure shows that rectangular wing efficiency has a peak when the
pitch-axes are positioned on the near trailing edge of the wing and
almost equal 70% (it is noteworthy that efficiency variation is no more
than + 4%. In this case we can say that efficiency depends only slightly
on the pitch-axes position). The calculation results conform with
experimental data and allow definite conclusion that dolphins use in this

case the most effective kinematic.

Fig 3.34 shows inductive reactance and thrust of the rectangular
wing simulating dolphin fluke versus phase angle and pitch-axes position

when flow speed is constant.
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Fig 3.34 Inductive reactance (1-3) and thrust (4-6) of the
rectangular wing simulating dolphin fluke versus phase angle and pitch-
axes position (1 and 4 when X;=-0.5, 2 and 5 when X;=0,3, 3 and 6 when

X,=0.5) when flow speed is constant and equal 4.3mc ™.

It is seen that inductive reactance maximum positions and thrust

character curve depend on a pitch-axes position.

Fig 3.35 shows analogical data of an acceleration regime.



309

Strictly speaking, these data are unique to events tentative because
the design formulas were derived when flow velocity is constant.
Nevertheless, curves common character allows making conclusions
about the tendency for wing propulsion forces variations when

swimming regime varies from constant to accelerated.
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Fig 3.35 Inductive reactance (1-3) and thrust (4-6) of the
rectangular wing when regime is accelerated (1 and 4 when X,=-0.5, 2

and 5 when X;,=0.4 and 3 and 6 when Xb = 0.5).

As it is seen from the figure the curves character in acceleration
regime is analogical to those in constant regime. But absolute values
differed widely. These values are bigger on the order when acceleration

regime exists.

Maximum efficiency in the acceleration regime is smaller than in

the constant regime and equal near 60%.

It’s necessary to notice that efficiency evaluation of the high-
aspect-ratio wing (in this case wing aspect-ratio equal 4 and equal
dolphin fluke aspect-ratio) is smaller than one of infinite wing

(Romanenko at.al., 2009).

In addition, it is necessary to stress that efficiency evaluation
reported in this part of the work no account has been taken of the wing
deformation witch holds for dolphin fluke. The efficiency evaluation
becomes even greater when dolphin fluke deformations are also

considered (Heathcote and Gursul, 2007).
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3.7.2. Dolphin fluke simulation using deformable wing (the
first variant)

In Chapter 2 two variants of the dolphin fluke simulation using
infinite deformable wing are described. In the first variant simulating
wing is assumed to have deformation character which coincides very

closely with the dolphin fluke deformation character (Fig 2.2).

The second variant is more simple: the dolphin fluke simulation is

carried out using rigid two-section wing.

The theoretical substantiation of these variants was presented in
the book (Belotserkovskii et al. 1971). The design formulas are

presented in Chapter 2 to propulsion estimation of the deformable wings.

The estimation was made by using dolphin fluke kinematic
parameters (Chapter 3, Table 3.8). The aerodynamic (rotary) derivatives
coefficients were obtained by using method described in part 2.1 using

figs 2.2-2.6 and is presented in Table 3.10.

Let us consider in detail the process of aerodynamic (rotary)
derivatives coefficients calculation of the infinite deformed wing (first

variant).

Let us consider Fig 2.3 and obtain values circulation density y“ in

the chord points (from leading edge) spaced 0.05 of chord apart.
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Obtained values y“ for S, = 0.62 which is due to dolphin fluke
kinematic parameters (U, = 4.3 Mc”, o =13.95¢", b =0.19m) is given

in Table 3.10 (the second column). The third column shows

values p® =2y“. In the forth — values f;, =&, in the fifth — value [%) =

2¢&, in the sixth and seventh — product of the values involved into the

integrant in formulas (2.1.8) and (2.1.10).

Here we emphasize that some graphs (for example, Fig 2.3) give
no way to calculate values y* in the wing leading edge (when &= 0). In
this case we can use the known expression for infinite wing derivative

Cc* which will look like
a _ 1 a
o _E[J'p das, (3.7.1)

Here S is integration area.

This formula can be written down

cr ~(277), (4¢), +ZZ}/“A§. (3.72)

<1
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In this formula (A&), is the wing part near the leading edge. At

this place value of (2”) is not defined on the graph.

Taking into account that 2y“ = p* we can insert p“ into the right-
hand side of the equation (3.7.2) from the third column of Table 3.10
(beginning with value & when values y“ can be defined on graph). On
the other hand value C? can be obtained in Table 3.1 for the particular
value of the Strouhal number. We equate the right-hand side of equation

(3.7.2) to value C; which were obtained in Table 3.1 we can obtain

(27°),-

Table3.10. Determination of the aerodynamic (rotary) derivatives coefficients using
graphs.

1 2 3 4 5 6 7

é }/il Pf fa‘+ [6ﬁ5 ] pff5+A§ pf (%j Aé

o ¢

0.05|5.74 |11.1 |0.005 |0.1 0.0019 |0.056

0.1 [4.18 |7.56 |0.01 |02 0.0038 |0.0756

0.15]3.38 |6.22 |0.0225 0.3 0.007 {0.0933

0.2 [2.84 |528 10.04 |04 0.0106 |0.1056
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0251244 (4.6 [0.0625 0.5 0.0144 | 0.115
03 |2.16 [4.08 [0.09 0.6 0.0184 |0.1224
035]192 (3.7 ]0.1225/0.7 00227 | 0.1295
04 |1.78 [333 [0.16 |0.8 0.0266 | 0.1332
0451155 (295 [0.2025/ 0.9 0.0299 |0.1328
05 |14 (269 [025 |1.0 0.0336 | 0.1345
0.55]1.29 [2.43 ]0.3025 1.1 0.0368 | 0.1337
06 |1.14 (215 [036 |12 0.0387 |0.129
0.65]1.01 [1.91 (04225 13 0.0403 | 0.1242
07 109 |17 1049 |14 0.0417 |0.119
0.7510.8 1.5 05625/ 1.5 0.0422 | 0.1125
0.8 0.7 129 |0.64 |1.6 0.0413 | 0.1032
0.85]0.59 |1.07 |0.7225 1.7 0.0387 | 0.091
09 048 (08 (081 |18 0.0324 | 0.072
0951032 (032 [0.9025/ 1.9 0.0144 | 0.0304
1.0 |0 0 1 2 0 0
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Graphs (Fig. 2.4 — Fig. 2.6) are completed analogically. Table 3.11
contains parameters which are necessary to calculate the aerodynamic

(rotary) derivatives coefficients using graphs.

Table 3.11 Parameters obtained after graphs handling (Fig. 2.3 — Fig. 2.6).

5 3 3 3§ 5 3 5
Cy1+ CyH C},-2+ Cyz+ m:l+ ’nzu. mz2+ 22+

2.03 |0.5442 |-0.4952|-0.2162|1.2594 | -0.1285 |-0.3882|0.0038

We return once more to Fig. 2.3 — Fig. 2.6. As it was specially
intimated in the book (Belotserkovsky at al. 1971) the graphs were
designed relatively to the wing centre. By this is meant that data in the

Table 3.11 have no need of convert

These data we will be used to calculate (using formulas (2.1.16) —
(2.1.19)) the aerodynamic (rotary) derivatives coefficients of the
deformed infinite wing which simulates the dolphin fluke. The

calculated derivatives coefficients are shown in Table 3.12.
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Table 3.12. The aerodynamic (rotary) derivatives coefficients of the deformed
infinite wing

Cy. C m, m;,

2.113 0.049 1.2579 -0.5167

3.7.3. Dolphin fluke simulation using deformable wing

(the second variant)

Let us consider in more detail the process of calculations of the
aerodynamic (rotary) derivatives coefficients of the deformed infinite
wing. In this case we need design formulas (2.1.16) — (2.1.27) which
contain Theodorsen and Kussner functions. These functions are tabulated

in the book (Nekrasov 1947). Let us show it below.

Table 3.13. Real and imaginary parts of the Theodorsen function.

o 0.5000 0.0000 0.56 0.5857 0.1428
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10 0.5006 0.0124 0.54 0.5895 0.1453
5.0 0.5024 0.0246 0.52 0.5936 0.1480
4.0 0.5037 0.0305 0.50 0.5979 0.1507
3.0 0.5063 0.0400 0.48 0.6026 0.1535
25 0.5087 0.0473 0.46 0.6076 0.1563
2.0 0.5130 0.0577 0.44 0.6130 0.1592
1.5 0.5210 0.0736 0.42 0.6187 0.1621
1.2 0.5300 0.0877 0.40 0.6250 0.1650
1.1 0.5342 0.0936 0.38 0.6317 0.1679
1.0 0.5394 0.1003 0.36 0.6390 0.1709
0.98 0.5406 0.1017 0.34 0.6469 0.1738
0.94 0.5431 0.1047 0.32 0.6556 0.1766
0.90 0.5459 0.1078 0.30 0.6650 0.1793
0.86 0.5490 0.1112 0.28 0.6752 0.1819
0.82 0.5523 0.1147 0.26 0.6865 0.1842
0.80 0.5541 0.1165 0.24 0.6989 0.1862
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0.78 0.5560 0.1184 0.22 0.7125 0.1877
0.76 0.5581 0.1203 0.20 0.7276 0.1886
0.74 0.5602 0.1223 0.18 0.7442 0.1887
0.72 0.5624 0.1243 0.16 0.7628 0.1875
0.70 0.5648 0.1264 0.14 0.7834 0.1849
0.68 0.5673 0.1286 0.12 0.8063 0.1801
0.66 0.5699 0.1308 0.10 0.8319 0.1723
0.64 0.5727 0.1330 0.08 0.8604 0.1604
0.62 0.5756 0.1354 0.06 0.8902 0.1426
0.60 0.5788 0.1378 0.04 0.9267 0.1160
0.58 0.5822 0.1402 0.02 0.9637 0.0752

In Table 3.13 k = Sh, in ouer designations.

In Table 3.14 cosp=1-2b here b is the ratio of wing moving part
to the chord.

Table 3.14. Values of the Kussner function ®(¢ ).

cosp | D ) D3 @y (OF OF @
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0.0 2.5708 |3.5708 | 1.5708 | 1.3333 | 1.0000 |4.4749 |2.1187

0.2 2.3492 | 2.5853 | 1.1735 | 0.7847 | 1.1758 |3.6011 | 1.3088

0.4 2.0758 | 1.6983 | 0.7927 |0.3924 | 1.2831 |2.6118 |0.6860

0.6 1.7273 | 0.9345 | 0.4473 | 0.1459 | 1.2800 | 1.5773 | 0.2672

0.8 1.2435 | 0.3339 | 0.1635 | 0.0264 | 1.0800 | 0.6151 |0.0505

0.84 |1.1161 |0.2394 | 0.1177 | 0.0152 |0.9984 | 0.4485 | 0.0293

0.88 |0.9699 |0.1558 |0.0770 | 0.0074 | 0.8929 | 0.2968 | 0.0145

092 |0.7946 | 0.0850 |0.0421 |0.0027 |0.7525 | 0.1646 | 0.0053

0.96 |0.5638 |0.0301 |0.0150 |0.0005 |0.5488 |0.0593 |0.0009

1.00 | 0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000 |0.0000

In Table 3.14 cosp=1-2b here b is the ratio of wing moving part
to the chord.

Let us calculate the aerodynamic (rotary) derivatives coefficients
of the deformed infinite wing using formulas (2.1.16) — (2.1.27). We will
use dolphin fluke kinematic parameters (Sh, = 0.62, b = 0.19) for two
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cases: wing moving parts equal 0.5 and 0.3 chord (cos¢ = 0 and 0.4

accordingly). Calculation results are given in Table 3.15.

In this case (formulas (2.1.16) — (2.1.27)) forces and moments

centre is in the wing leading edge. Because of this, derivatives values

which were calculated using these formulas must be converted to the

wing centre.

Table 3.15. Calculation results using formulas (2.1.20) — (2.1.27).

0.4 |2.5119]-0.64 |0.5138|-0.163 | -1.269 | -0.166 |-0.13

cosp | ¢ | C |, |k, mh |, | mh, o,
0 |3.1112]-05 |1.08 |-0279 -1278|-0.435[-027 | -0.2
-0.05

Derivative values calculated using these data are shown in Table

3.16.

Table 3.16. The aerodynamic (rotary) derivative coefficients (second variant)

5 5 5 s
COos
® C e C),C m, m;,

0 3.219 |0.581 -1.203 |-0.705

04 |2575 |-0.127 |-1.252 |-0.295
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Let us convert derivative coefficients to the wing centre using

formulas
Co=CP, C=C0 ml=m’ —E,CY, m’ =m’ —£,C.
Here &, = -0.5 wing chord.

Conversation results are shown in Table 3.17.

Table 3.17. Derivative values which are converted to the wing centre.

cos @ Cfp C;’C m’, mi
0 3.219 0.581 0.407 -0.995
0.4 2.575 -0.127 0.035 -0.358.

Let us estimate value ¢, at the different deformation variants.

Two-section wing is illustrated by Fig. 2.8 with the proviso
thatcosp =0. This illustration also shows angle &,. This angle equal -
0.233 radian (averaged over 5 measurements). Analogically we can
make measurement with the proviso that cose = 0.4. In this case §, = -

0.268 radian.
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We shall use values of the aerodynamic (rotary) derivative
coefficients of the deformed infinite wing from Table 3.12 and Table

3.17 and measured values &, to calculate the wing propulsion efficiency.

We shall use the formulas: the thrust of non deformed wing
(1.6.38) — (1.6.54), power - (1.8.5) — (1.8.23), inductive reactance -
(1.9.22), (1.9.48) — (1.9.83), (1.9.85), (1.9.107) — (1.9.116). An added
terms for deformed wing: thrust - ((2.4.6) u (2.4.7), power - (2.5.6) —
(2.5.9), inductive reactance - (2.6.3) — (2.6.35). Calculation results are
shown in Table 3.18.

Table 3.18. Efficiency estimation results of the non deformed and deformed

wings

Deformation variants Non deformed wing| Deformed

efficiency wing
efficiency

First variant deformation 0.57 0.81

(function)

Two-section wing (the second| 0.57 0.84

variant with the proviso

thatcosp =0).

Two-section wing (the second| 0.57 0.81

variant with the proviso

thatcosp =0.4).
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3.7.4. Dolphin fluke simulation using deformable wing of

finite span

As far as it is known the information about Strouhal number and
aspect ratio dependence of the aerodynamic (rotary) derivative
coefficients of the wing with rudder is absent in literature. Let us recall

that we can consider rudder as the wing deformation.

The book (Belotserkovskii at. all 1975) contains data about

Strouhal number dependence of the aerodynamic (rotary) derivative

coefficients of the infinite wing with rudder (when %’” =b,=0.1,02, 1

0.3). Here %” =b, is the rudder relative size. On the other hand the same

book contains data about aspect ratio dependence of the aerodynamic
(rotary) derivative coefficients of the finite span wing with rudder when

Shy —0.

It may be suggested that Strouhal number dependence of the
aerodynamic (rotary) derivative coefficients of the finite span wing with

rudder will be analogical to the same dependence of the infinite wing.

Of course, such suggestion is not sufficiently justified but some
probability exists that the wing derivatives estimations with allowance
made for this suggestion will be more correct than by dolphin fluke

simulation with the infinite wing.
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With allowance made for this remark we shall estimate deformed
wing aerodynamic (rotary) derivatives coefficients. The wing aspect

ratio equal 4 and the relative size of the wing second (movable) part

equal %” =br =0.3.

Let us use Table 9.4 and graphs Fig. 11.16 — Fig. 11.35 from the
work (BenoniepkoBckuit u np., 1975), and considering that forces centre
of the whole wing is placed at the leading edge. As a result we have two-
section finite span wing aerodynamic (rotary) derivative coefficients

shown in Table 3.19.

Table 3.19 Two-section the finite span wing aerodynamic (rotary) derivative

coefficients.
Sh, Sh c c m’ m’,
0.41 0.31 2.028 -0.068 -0.049 -0.041

Let’s recall that Sh,= 0.41 is Strouhal number of the dolphin fluke.

Shy ) A . . .
Formula Sh= % accounts for the wing wake nonlinearity (chapter
Ap+1

1.
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Using these data we can calculate the wing efficiency. The Results

are shown in Table 3.20.

Table 3.20 Two-section rectangular wing simulating dolphin fluke.

Aspect ratio 1= 4, chord » = 0.126Mm,| Nondeformed Deformed
span [ =0.5 M, area S =0.063 m" . wing efficiency | wing

efficiency
Sh, = 0.41. 0.62 0.89

Comparison of the results in Table 3.19 and Table 3.20 shows that
deformed wing efficiency is considerably higher than those of the non
deformed wing. The finite aspect ratio wing efficiency and infinite wing
efficiency using different deformation variants are sufficiently closely

related (within the scatter in the data about 10%).

Conclusions

A new analytical method was developed to propulsive efficiency
estimation of the non deformable and deformable wings at the arbitrary

amplitudes of linear and angle oscillations and phase angles.
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The design formulas have been derived to propulsive efficiency
estimation by using a simple calculator without using special programs
and computers. Comparisons have been carried out of the calculations
using design formulas, experiments and theoretical studies. Comparison
results made it possible to estimate the application limits of the method
and make a conclusion that the method can be used in solving of very

important problems.

The estimations of the dolphin fluke hydrodynamic forces and
power were made using the new analytical method. The dolphin fluke

was simulated by rigid finite span wing.

The simulating wing oscillates in non viscous infinite medium.
Oscillation amplitudes are sufficiently large. Pitch-axes positions and
phase angle between heave and pitch oscillations are arbitrary. It is
shown that the efficiency of such wing is practically (in the dispersion
limit near + 4%) independent of pitch-axes positions in the chord limit
and close to 70%. It turns out that efficiency is maximum when the flow

velocity is constant or variable and phase angle close to 90°.

The dolphin fluke cinematic may be thought of as close to
optimum. The maximum value of the inductive reactance and curve

character thrust coefficient depend on pitch axes position.

Analogical estimated data have been arrived at acceleration
regime. The common curve character offers a clearer view of the change

tendency of the wing propulsive forces when flow velocity changes to
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acceleration regime. This tendency appears as the appreciable thrust

magnification.

The dolphin fluke mathematical simulation as flexible wing is
poorly known. The literature data (Prempraneerach P., et al., 2003) allow
account that wing chord-wise flexibility gives the appreciable thrust and

power magnification.
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