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~ETHOD OF APPROXIMATE CALCULATION OF AERODY NA MIC CHARACTER ISTICS 0?

CAM BERED WINGS WITH V A R I A B L E  SWEEP

A. I. Past ukhov , De par tmen t of H y d romechanic s

The wing is replaced by a system of attached vortices of

varia ble intensity cver the span , dist ributed continuously ove r its

•Iddle surface. Emerging from each point on the vortex sur face are

free rect i linea r vortices with variable angles of decalage ove r the

chords and span and arranged in the vertical plane parallel to the

root section.

• In calculating inductive velocities the system of attache d

vortices is assumed to be equivalent to the vortex system of the
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projection of the middle surface onto the plane which passes throuqh

its root chord in a direction pa rallel to the span.

The angle of swee p of the i—tb portion of the attached vortex

(Fig. 1) is determined by the expression

t~z,(~z)=t gx ’ -~~t9Z ’

where

~~:= -- (t~ z~,” tgz,,); tgz ’ =

is the r•lative coordinate of an elementary lifting vortex in

the root section.

As suming that the vortex d.nait y 1(Xa,i~ ) at section point X~ , and

in the root section ~~(Z,c() &t. related by d istribu ting function 1(1a,I~)

in the for. of

(1)

for the intensity of the elementary lifting and free vortic es we can

get. accordingly,

f(z,c)j(z1, , i~iC) ä[,, co~ ~~, 
dz

a’a,+ 7(x,,,iic) ~~!-] coi z,dz dx

L



DOC ~ 1788 PAGE 3

w here local narrow ing of the wing projection is determined by

expr ession s

Ca ,) .~ a aa —~~-=a t~ z a’ =_.!. ; j ~~.... ; 
~~~~~~ ~~~~~a’ ‘‘ ‘ a  1. , a ’  a

For calculating induct ive velocities the ~‘—tk segment of the

span is broken dow n into fl , bands of wi dth L,/~,. Quantities
d~~j dz ,a,,—~ , , P,~ are assumed to be consta nt and equal to their values

in th. siddi. L, of th. bands. In this case, after switching to

an gular  coord in ate

z = - c o~8; 1,~:~::~ & co’e

for the normal  vel oci t y com pon en t of the d ow nva s h, caused by the free

vortices at the point with coordinates

I =-ace,8 ; J~~~~~~L, ( N,IO,3)
‘a.

we get, approximately:

i~f 
3tn8 

~~~~~~~~~~~~~~~~~~~~~~~~ (2)w~ . !!1L
f~r 

~in8 d8 =
~~~~ f, t 

,.,

where

Z(i . ;i’) /‘ 6 CO3$,~ \= o’~i*’p,~. Itcz,~;1;~’ 
~ 

y~’• [L ~~~~~~ 
~~~ 

z~~~ g .  (t,. o.s) .~ L , (3)
t~1

0—i ,,- i~
_ Z~i, tt z -ç, t~z ).( ,)t~x;-~~,r,z; tL,)t,i; 

(
~ )

‘a.

L - ~~~~~~~~~ _ _ _ _ _
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The veloci ty com ponen t of the dounwa sh W~ , is calcula ted b y

( 2 ) — ( $ e) ,  repla cing ci~p1~ in (2) by *fl~,~; the cospolent ~~~~~ ~~~C’.

calculated by replacing (,.V ’)C03
~~ by (~’.y”)Jtft~~~. where

• / # co,p,~ 
1

= t 
#“in’p,.~’(~11s.~

‘.4 “ Eit,; ~~L7 (ç. u) ~ ; (~• ~
) 
~ 

j,a.

By using the same assuiptions for the velocity caused by the

attached vor tices, we can get

~ 
=.! . I’ ~~~~ d 8=-~-- 

‘
~ 

r 
~
‘

•~
. 

~~ j  ~~~~~~~ ~J ~ ~ Li,..

where

2I(K = 

VL°” ~‘(v)J’
In compiling the integral equation the velocities which are

mornal to the sing pro:jection are considered to be directed along the

loca l mors els ( C ,, ii Fig. 2) to the middl e surface. Then, the

condition of impermeability is written in the fcr. of

~:. ~ 
1,,3~~od1

7ij cosO-co3O 
V. xn~~,,co3~ - -~~~~~~~ 1~ ~ui 8 d8 , (5)

~~
I I

wh ere

d ,(I~s()~~~~+ .(1,, ~,,(.‘),
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d is the angle of attack of the plane of the wing

projection;

— angl . of twist of the midd le section of the

K~ — th plane in relation to the root section ;

— angle of curvature of middle line of section;

— angle between local normal and plane O,,Z,,~~,,•

If we seek the solution to (5) in the form of a series (3), (4),

~~~~~~~~~ m z [ * .,,(c) ct~ ~~
- +
~~A_,,(cC)~tnm8}, (6)

we can get

~~~~~~ ~~~ 
,~ “ cc, p’,, du ’ - R~ f F do) ,

a ,. = if.( J’r ~ ~:. ~ ~~~~ ~~~~ - a,,J
’
~;,co~ m8 ’d8) ,

J ?(f -co3O ’) 3inc ( ,co~y’ d8’ 
; 

p

R,, 
~~:f

’
~~

i( 1 _ c038’) d8’ 
It’ 

~

As our original valus of P,, and we can use thos. calculated

for determining vortex density over the chord 
~

y the law of th e

a

~

. - ______________-

~~ 

- , -
~~~~~-=

. -~~ --~~
.-—
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cotsag•nt with an elliptica l distributing function. The va lue of the

amgie j3,(8~~o) can be assumed constant (according to (3] ~~~~~~~~

accord in g to

From the obtained values of A.~. and A,~, we determine according

to (1) anfd (6) the distributing function of the first approximation

and also P~, and P, ,  for distribution of vortex density (6) with the

varia bi li t y of values P,~(0.~~)considered .

We know that the most intensive formation cf free vortice s

occurs on the leading lateral edges. The angle of slope of the

vortices to the lifting surface on these sections can be determine d

apjroxim ately in the form of

a

~tn d

cci~~~ • 1 A 
(7)

t. I?I 2 I
~ It. 2 

~.

The boundaries of the sections where intensive vortex formation

cccurs are very difficult to define. Moreover , inside the boundary

layer, wit h the exception of the wing surface itself, the velocities

normal to it are generally equal to zero and the flow lines do not

ad join the surface. On this basis we assume the possibility of

directing the axes of the free vortices alont~ these flow lines and

consider the angles of slope of the free vortices not equa l to zero

even beyond the l imi ts of the sect ion, where such a branching of the

—.- -—
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vort ices is conf i rmed  exper isenta l l y.

If we assume that the distributing functions differs litt le from

the ellipt ical and , consequently, the deciding role in the formation

of the downvash is played by vortices of great intensity flowing off

the tip sections, then there can be no great error in “spreading ”

angle  ~~, de te rmined  by expression (7) , over the entire vin g surface.

This assuaption does not contradict the condition of nonleakage,

since the vortex system is actually forme d in the boundary layer and

only for the calculation schematic is it taken to the middle surface.

The second and subsequent approxinat ions continue until the

values of the coefficients of the series coincide within the limits

of assigned calculation accuracy.

For a small number of breaks in the leading and trailing edges

of the wing the calculation can be reduce d to sclving a system of

algebraic equat ions, which has definite advantages for digital

coiputer calculation. With this in mind, after introducing the

symbols

fl, 
~~

“

~

‘I 
(~~.~ ‘)co p,1cv3J , ti =

we can wri te equa t ion

_ _ _ _ _ _ _ _ _ _ _ _  -- - ,-  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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zp1 ~•~I

I ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (8)
I ~~~

wh ere

= 
~~~~~~ ~ ~~~~~~~~~~ 

— ~

If we substitute in (8) t h e  va lue  f tos  (6) and c o n f i n e

ou rselves to the numbe r of q terms of the series, we can get an

equation for (q ’ 1)~~,~~, of coefficients A ,,~ and Am,t (m= S ~~~) .  Given q • 1

by quantit ies 9’ for each of the values of M, 0 ~~fl~~ I we can

also ob ta in  the cor responding  nu mber  of a lgebraic  equa t ions  w h i c h  are

linear wit h respect to the coefficients of series (6)..

If we assume that the dounwash velocity components W1~,, are

directed in planes tangent to the middle surface of the wing, then

for the component of total relative velocity normal to the axi s of

the vortex, we get

V — .
~~~~~~ =(CO3o ’ t w ,)co3x~_— ~~~~~ 

1 .

In this case the coefficients of the force cf the pressure of the

K,...th s•ction normal to the plane of the projection (direction fl 1,, in

Fig.. 2) referred to an element of the projection surface 2a,,d~
’, is

found in the form of

v (e’d)
(C,),, J ‘:,c°~~

) co~~, (8’) 
Mn ø d B ’ , (9)

— - . — — ~~~ —
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however, the expressions (~~)t . and (C11),, are found by multip lying tb.?

integran i function (9) by

co~f i tn ~~and co~ c~~~~d ~ 
, respectively..c03(d3,, cs,,) ~ ~~ ctai

For the coefficient of the moment of h ydrodyna nic forces

relative to the axis running through the leading edge of the root
section parallel to the stand, we get

(mi) = 1 {(c ) [1+ 
f

(t
1 

~ ~~~~~~~~~~~~ )]J -
~~~~~~~

If vu assu me that these coetficients are constant within the limits
of the ~,— t h  band , t h en the  i n t e gr a l  charact er i st ic can be o bt a i n e d
in the for . of

— 
~‘‘ L ~~~~~

c 
z~~ i[~~(c,),,a,,} ~~~~~~~~~~~~~ ~:.}p 

~~~~~~ 
~ 

~~~~~~ ~~
whe re &,, represents t h e  n a r r o w i n g  at  the  b e g i n n i n g  of the  C — t h
sect i on, ~~ — at the  end..

The ca lcula t ions  of the  f i r s t  ap p r c x i m a t i o n , performed according

r

_ _ _  
- - -~~-~~~--~~ - -- -~~ - - - -~~~~~~~- - ~~~~~~~L —— .~
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to t h e  discussed m e t h o d  fo r a p l a n e  t r i a n g u l a r  ‘1~n~~, are  i n  good

ag reement  w i t h  t h e  data of the e x p e r i m e n t  (F ig .  3) .

Figure ~4 g ives us an idea of the  d i s tr i b u t i n g  f u n c t i o n  a n d  t h e

lis t r i b u t e d  hy d r o d y n au i c  charac te r i s t ics .
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F1 j. . 1. Angles of sweep of wing and attached vortices .
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rig. 2. Coordinate  system of wing section. KEY : (1) Middle line of
Mt~~

th sect ion , (2) Pro j ection plane.
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Fig. 3. Comparison of calculated results with experimental. kEY : (1)
Calculation, (2) Sharp edges, (3) Round and elliptical edges, (4)
Bar t l e t t  and Vidal , (5) T r i a n g u l ar  w i n g  ).. 2..
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Fig. 4. Calculated values : a — of distributed hydrodyna .ic

characterist ics, b — of distributing function.

b)
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