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| APPROXIMATE NONLINEAK THECKY OF RECTANGULAF WINC OF SMALL ASPECT

RATIO MOVING NEAR A FLUID SCRFEN AT LARGE FEOULCE NUMBERS

\ K. K. Fedyayevskiy

(Moscow)

» Developed in this article is an apgroximate nonlinear theory [2)

for a rectangqgular wing of small aspect ratic mcving in an unlimited

sedius near a tluid screen at large Froude numbers.

If from the experimentally determined moment value we subtract

e — R AT —

the moment of inertial nature, i.e., the mcment corresponding to the

circulation-free flow past the body and divide the difference by

Fro-ZDES)I-0v3-92
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ncrmal force, then the coordinate for the center of pressure thu:
obtained will correspond tc a purely circulaticn (viscous) flow. Lot
us call a point with such a coordinate the center of the attachei

vortex. We will designate the cocrdinate of the attached vortex a:

Mm bigiost Mtln

(M xn =
Y
The dimensionless coefficient of the center of the attached vortey
X
xn=‘b~'!,
In these formulas y, is normal force; b - root chord of the wing.

ve kncw, in the selected cccrdinate systenm
2
M"" Ve (" -’1)0—5‘ sin 20,

where k, is the volume of the attached rass of fluid as the wing
moves in a transverse direction; k; - analcgqgous volume as wing move:

in longitudinal direction. For thin wings k, = O.

The experimental values of the center of the attached vortex are
much more stable in comparison to the center of pressure, which for
vings of a small aspect ratio moves rapidly toward the trailing edge
as the angle of attack increases. The deductionr of stability in *he
center of the attached vortex is also ccnfirmed when we study the

flow beyond the wing. This gives us reason as cur first main

FrD-TIPII-0y3-72




£

g -

. e

poC = 0043 PAGE 3
hypotheses to assume that the position of the center of the atrac
vortex for the given shape of the wirg in the plan does no+t depernd

the angle of attack.

Comparison of the distribution of loads alcng wing chords

aspect rat io calculated acccrdirg to the linear theory and obtained

exrerimentally shows that in determining the pcsition of the cent
of an attached vortex we can use the values of the coefticient
fressure center and the derivative of the ccefficient of 1ifting

force in the root secticn cbtained from the lirear theory.

Then, for a wing with a symmetrical prcfile, by findinag t i«

indeterminacy in the second term of expression (1), we get for 4

(‘ﬁ”frz)
d
Xn - Cu,‘, + __ﬁg__u—o

e I’
(da >)c-o S_

where 2r is the span of an equivalent attached vortex of constant

angle cf attack

intensity.

As our second hypotheses for wings which are rectangular and
elliptical in the layout we assume that the spanr cof the attached

vortex is equal to the mean geometric span cf the wing, i.eo.,

F7d-ZDPS)I- 043-77
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Experiments conducted to determine the zone ol vorticity near
the tips of the wings and spectra obtained in a hydrodynamic tur

ccenfirm this hypotheses.

Now, let us assume for wings of a small aspect ratio ar

elliptical distribution of circulaticn with respect to span, i.e., we

dCu\ _ 4 (dC,
da J._, n\ da o 5

Then, we get the working formula for determining the distance hectween

will assume that

the center of the attached vcrtex and the leading edge:

(4m“! 26&

v da .-o_.

% . X" = C.‘” <+ b dé“;“ CM.? + _4— (19,; i
n (“a‘r) . )

Calculation methods developed in the tcok ty S, M.
Eelotserkovskiy [ 1] enable us to determine all values contained 1in
this formula for the case of movement near a free interface at latae
Frcude numbers, i.e., under the conditicn that cn the free surface
disturbed velocities which are parallel to the surface will be equal
to zero. Figure 1 shows the dependences of coefficients X, for a
rectangular wing with A = 0.25 as a functicn of the reverse value tor

irmersion 3-7"- (here " is the immersion cf the leading odge of +he
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that

as

S

immersion of the wing

- . .

decreace he

center of the attached vortex first shifts

the wing,

explained by the fact that the coefficient cf the

according to the linear theory is only slightly dependent cn loadir

the derivative of

(expressed as the ccefficiert of the attached

lcading decreases.

moment coefficient stabilizes.

toward the

leading ] of

the coefficient of the mcment of

littirg force decreases as loading decreases,

is especially intense on the interface itself.

rrimarily the descending branches of curves

The cocefficient cf the

then begins tc move toward the trailing edge. This i:

pressure centerl

inertial naturse

Bass kKz3) decreases

Here this decrease is first very intense, th

although
However, 1t i

| ;
xﬂ7r) which have

practical value, since at extremely small values of h continnous f

1s no longer realized.

In order to satisfy the boundary ccnditicn of the equality to

zero cf induced velocities which are parallel tc the undisturbed

surface,

must place over the interface a fictitious vortex,

of the lower vortex relative to the undisturbed surface, as

Fig. 2.

taking intc acccunt here the dcwnwash £ of free vortices,

which is a mapp

shown

jerivative of

‘

this decreas

we
ing

in
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Key: (1) Side view, (2) Front view, (3) Free surface, (4) Top view,
(S) Velocities induced by attached vortices, (6) Velocities induced

by free vortices.
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The intensity of the -shaped Vortex is determined from t!
condition of satisfying the Chaplygin-Zhukcvskiy postulate
ccnvergence of streams at a trailing pcint cn the root sectior
wing. The velocities induced at this pcint should be determir
cnly from the lower -shaped vortex, but also from the ficticnal

upper vortex.

In keeping Wwith the above, let us place a rectangular wi:
small aspect ratio under the free surface such that in +he

cf attack angle a the leading edge of the wing will have immersi

(Fig. 3). The lower attached vortex is placed at distance xa fror

the leading edge. Then, the coordinate c¢f pcint A for the systen

coordinates related to the upper attached vcrtex will be

CD (1 —=xq)cosa
p e’ T cos p

~— [sina 4 2 + xpsina +

(2) + (1 — xu) cos a tg B] sin B;
yn=.-zf< = — [sina -+ 2 + xg sina + (1 — x,) cos a tg B cos .

In formulas (2) the lines above X and indicate that thes:

linear dimensions refer to wing span b. The ccsine cf angle DAE

x + 4y + (1 —x ) —4(n + x, sina)?
2V +yp(l—~x,) ¢

(3) cosd =

The velocity induced at point A alcng the normal to the chord

-
e .
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attached vortex D'D",

(4 (w|)p - ik e T Bt I
) v 4u|/ +UD‘/X¥)+%+(;)

1 - s A : 3
where C"'r'vb is the dimensionless coefficient cf the 1ntensity ot

the -shaped vortex.

The velocity induced at pcint A alcng the normal to the chord

a pair of free vortices emerging from the attached vorteox,

w,
(w,)p — B C”' — N' X
v g WY
T
(5)
Xy
— cos (a + B).
VA (3)
The velocity induced at point A along the normal to *the chord

from attached vortex E'E"™ and from the pair of free vortices ausrgir

frcm this attached vortex, will be

(6I)I; + (w,) = — '(:;”. s ;'m:’::i—:? *
(1 — xu) l/(l — 1) (2)
A
+ g cos(@—f) (l—x,,)coa(a—ﬁ)
(”) (I — x,)*sin?(a — ) + %) ‘/(l-—xn)' )
s A 4 A -

el T TN S .
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The dimensionless coefficient of the intensity of +the Il-shay
vortex is determined frcm the ccnditiop of csatisfying the
Chaplyoin-Zhuxovskly postulate at point A of the root sectior

wing:
(7) (w|)p + (w,)o + (w.)‘ + (d!)ﬂ + sina = 0.

Hence

G 4nsina
w2

S e 4. M2cos@—P)
(=5 a—sxrt(5) O—mpsinta—pt (§ ) x

P _&—gp)cos_(zl::_ﬁ)__} +

~|

(8)

A/2 x
+ . TR K V“‘“‘;i. ‘*:%‘—'-’x—, cos (a 4 )
!ln+(2) xo+yb+(—2~)
The dewnwash at points E' and E" are determined from the

relationship of the vertical velocity ccmponent Uy to the horizontal

velccity ccmponent Us at pcints E' and E"“.

N L 6 Lt e
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The velocity induced by the attached vcrtex D*'D" will

hcrizcntal

o £
o B 4 (n + xp + sina)?cos? B + A?

e 2 (N -+ Xnsin a) sin B ]

X e
V4 (n + xasina)® +A3)

and vertical components of velocity

- c A cosfB
(way)p = ¥ —— X
vlo BT 4 (1 - xq5in a)? cos? - A?

{ (1 e 2(n + xpsina)sinf ]

%11 TR
L V4 (n + Xy sin@)? --A3

The free vortex which emerges from the attached vortex

F* gives us the horizontal velocity cowmponent

(12) (;’z-)n—-%'-s':j

and the vertical velocity component

¥

>

(wix)p Co. .
| e === i~ EPm—— i
%) . 8“2(1]+x.sinu)V4(q+x.snu)’+L’
The two free vortices which emerqge frcas the detached vort
give us the horizontal
i ¢ ;
(was)p = L

at

point
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(13) (®yp)e = 8_‘;' °°;§

By adding the vertical (11) and (13) ard hcrizontal velocit:

of the impinging flow v with the horizcntal velccities (9), (10), and
(12), we get, bearing in mind the smallness of angle B(tg B = =i
£ and cos B = 1),

C,,,J A

8% | 4(n -~ xa sin @) + A?
x(l—,z(;l"—}"smu)ﬁ 1""1'}
L V4 (1 + xo sina)? +A1) A
_.gb{ A :
(14) 8% | 9 (M + Xasin a) V4 (n + x, sina) 428

T

: M .
4 (1) + xsina)? AL
r 2(n 4+ xpsina)p | B
oM li== s +-_}
L V4(n ~+ Xxg 8in u}’+7~.‘l A

The coefficient of intensity of the -chared vortex is
determined according to formulas (8) and (14) by subsequent
statements. In order to calculate coefficient C, in the first
approximation we use the angle of downwash cf the frea vortices £ in

the zero approximation.

After determining C, in the first aprroximation, deperdence

(14) is used to find the angle of downwash £ in the first

T S s T
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approximation. From this angle, according tc formula (8), coefficient

of the second approximation is calculated etc.

Figures 4 and S5 show the results cf the indicated calculations
from the I to V approximaticns, respectively, fcr a wing with an
aspect ratio of x = 0.25 and relative immersion of 3-%L-L7(ﬁ-

-=_;l.-.;'. A=0,425). From the figures it is apparent that in
calculating C, at attack angles of up to 15° the thicd approximation
is sufficient. At attack angles of 259 five apfproximations are

required.

As the zero approximation for the downwash angle of free
vortices for the first calculation it is convenient to take 3
(1/4) a, while for subsequent calculaticns - B values obtained for
ancther (closer) immersion.

For determining the normal force which acts on a thin wing we
rust determine the longitudinal compcnents of the velocities 1nduced
by free vortices E' and E" and also by the -shaped vortex D'D" in

the central section of the attached vortex.

The velocity induced by free vortices E' and E" in the coentral

secticn of the attached vortex
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C,
(15) (w5 = 52 sin (@ — ).

Then we calculate the longitudinal cempcnent of the velocity induc
ty attached vortex D:

(16) (Wix)p = — TN AT

165 (n 4 xasin@) |/ 4(n + %asina)* + (

ol >

3

Finally, the longitudinal component of the velocity induced ny fre

vortices D' and D"

: Cyh i
‘wﬁl.)l) — -8—,—; oo ((1 +B) X

4 (n + x, sina)’cosP+ ( ;’ ).

(7 [ 2Mm+xsing)sinp

4(n + xqasina)® + (3'-)'

2

Pearing in mind that on the line of attached vortex ¥ we find the
longitudinal component of the dimensiorless velccity of the impinging

flow, equal to cos a, and using the N. Ye. Zhukcvskiy theorem, we

find an expression for the coefficient cf normal force of a thin

wing:

i Cy, = Cy,cosa + (@2:)e + (@120 + (Wae)o).
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For thin wings, as a result of separation cf the flow on the
leading edge, there is no suction force, and, Ly projecting tt
coefficient of the normal fcrce onto the velocity axes, we agot
lifting force
(19) C,=C, cosa
and for the coefficient of increased resistance, caused by *he

fresence of the angles cf attack,

(ZC) C.—Cz. —C.,Sina.

The coefficient of the lorgitudinal moment relative to thq
leading edge equals the sum of coefficients of the moment of vortex
nature and the poment of inertial nature, and in the coordinat

system used in FPig. 3 is written in the form cf
; PR T
(21 My = Mgy + Myun = C,, X0 — p Sin 2.
Finally, the dimensionless coordinate cf the center of pressure

~  kysin2a

(22) Cy = 3 - _C;__

a3

Figures 6-8 show the results of calculatirg the coefficierts of

F7O- L DROI- 043-77
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lifting force, coefficients of increased resistance, and coeff icient

of the center of pressure of a thin wing with anp aspect ratio of )

.25 for several relative immersions.

Theoretical curves for the smallest relative immersion h )e 284
lie above the experimental fpoints, which can be explained by the
presence in this immersion of the air-filled vertex filaments flow

Fast.

The substantial ncnlinearity of the mcment coefficient result.
in a situation where the center of pressure moves rather ravidly
toward the trailing edge of the wing as the angle of attack

INCreases.

It is interesting to note that the two-fold decrease in relative
issersion, in a case where the coefficients of lifting forces romain
virtually unchanged, has a rcticeable effect cn the position ot tho

center of pressure. As relative immersicn decreases the center of

pressure moves toward the leading edge, alsc ccnfirmed by tho

experiment.

FrD-LD@S)I- 04377
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