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SPANWISE VARIATION OF

POTENTTAL FORM DRAG

By W. C., Clever

Ios Angeles Division, Rockwell International

SUMMARY

A new method has been developed for calculating the spanwise variation
of potential form drag due to thickness and 1lift for a nonplanar wing of
arbitrary planform in subsonic and supersonic potential flow. A computer
program has been developed to perform the numerical calculations.

The configuration 1s subdivided into a large number of panels, each-
of which contains an aerodynamic singularity distribution, Linearly-varying.
chordwise source and spanwise vortex distributions are used to represent
thickness and 1ift. The normal components of the velocity induced at
specified control points by each singularity distribution are calculated
and make up the coefficients of a system of linear equations relating the
strengths of the singularities to the magnitude of the normal velocities.
The singularity strengths which satisfy the boundary conditions of
tangential flow at the control points are determined by solving this system
of equations,

The potential form drag due to thickness and lift is determined from
the strengths of the singularities and the panel drag influence equations
obtained by analytically integrating the tangential and normal velocity
werturbations over, the. panel surtace respectively,

Several examples of the spanwise variation of drag calculated by the
program are presented and compared with available analytic results. Good
correlation was obtained in each case.
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_INTRODUCTTON

Prior to the present study, no procedure existed for computing the
spanwise variation of potential form drag at transonic and supersonic speeds.
Also, at subsonic speeds the calculation of the spanwise variation of drag
was limited to planar wings represented by a vortex lattice with even spacing
in the spanwise direction. Due to the necessity of determing the leading edge
force in order to obtain the nonlinear vortex lift and drag on nonstraight
leading edge wings (using the Polhamus leading edge analogy), a solution
to this problem is essential. Also, in order to predict the contribution of
horizontal surfaces to such stability derivatives as Cn s Cn,,. and Cp

and the pivot moments due to the outer panel of a varlable swegp wing, ghe
spanwise distribution of leading edge force must be computed.

In addition to the requirements for the spanwise distribution of leading
edge ['orce for the prediction of loads, the analysis is also valuable in optimizing
the planform shape to minimize three dimensional induced effects. For
instance, the occurrence of local wave drag, shocks, vortex formation, and
flow separation induced by the planform shape can be minimized by shaping
the planform to have a constant value of leading edge force across the span.

In order to compute the section potential form drag for wings of
arbitrary shape, a finite element must be used which is capable of representing
the waves produced by supersonic leading and trailing edges and which has a
spanwise variation of vorticity that is continuous and goes to zero at thetips of
the element. The most elemetrary lifting f'inite element which meets theése requirements
is one in which the bound vorticity varies linearly in the spanwise direction,
such that the vorticity at the tips of the element is zero, and is constant
in the chordwise direction. The influence equations for this type of panel are
in terms of the same quantities as needed in the calculation of the influence
of a constant pressure panel. Therefore, the linearly varying pressure panel
should cost the same as the constant pressure panel to use. However, dque to the
lower order singularity at the tips, the normal velocity can be analytically
integrated over the complete element to obtain a finite value for the potential
. form drag due to itself or another element. A finite element with a spanwise
constant and chordwise linearly varying source distribution was chosen to
represent the contribution due to wing thickness. The chordwise linear
variation was necessary to avoid the infinite drag associated with constant
source panels having sonic leading edges.

This report describes the mathematical development of a method for
calculating the spanwise variation of potential form drag of a wing at subsonic
and supersonic speeds using these linearly varying panels. The wing may be
of arbitrary planform and nonplanar provided the wing panels are all paraliel
to the aircraft axis.
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LIST OF SYMBOILS

Span

=T p

Chord

Reference chord such that b x cavg = Srer
Drag coefficient, Drag/q _Sref

Near field drag coefficient giving the drag

singularity j induces on area i for unit values
of pressure coefficient

Pressure coefficient (P-P )/—é—p,u:
Net 1lift pressure coefficient CPlovr'er;CP\lpper

Ieading edge thrust coefficient, Thrust/unit length
Leo

Basic functions integrated in Appendix C

Vector of basic functions {': (See Appendix D)
Coefficient = 1 if M < 1l. or 2 if M_ > 1.

Free stream Mach number

Free stream dynamic pressure 3P, Us - + ¥ &, Ma
Either + x*+ Py’ or m , as indicated

Wing planform area

The tangent of the sweep angle
X, y and z components of velocity

Radial and circumferential velocity components in
polar coordinates

Either M2°° -1 or lv- M2_°
Usually X-Ty
Usually Tu
Usually T=

Perturbation velocity potential



THEQRY
FORM DRAG DUE TO LIFT

General

It will Dbe shown that =2n ~3agt sclution for calculating the
form drag due to lift can be obtained by integrating the product of the.
local induced normal velocity times the local ACp over the planform area,
If this integration is performed analytically, the drag
calculation for that pressure distribution is obtained exactly, and the
drag as calculated in the near and far fields must agree. This drag
includes the leading edge suction forces since all momentum losses have
been accounted for in the far field analysis. To be suitable for analytic
integration, the spanwise distribution of vorticity must be continuous over
the planform, so as to avoid trailing vorticied of finjite strength and the
resulting infinite drag. Any method which does not employ a continuous span-
vise distribution of vorticity can only calculate the drag approximately
and the value as calculated in the near and far field need not agree.

The method employed in this effort uses the most elementary method

of obtaining a continuous spanwise distribution of vorticity. The planform
is composed of quadrilateral panels each having a linearly varying vorticity
distribution in the spanwise direction and a constant vorticity distribution
in the chordwise direction. Two adjacent panels are combined into a finite
element having a vorticity distribution which is zero at the outer edges of
the combtined panels and varies.linearly in between, reaching a maximum value
at the Jjunction of the panels.

acy T AaC,,
4

Finite element composed of
two ad jacent quadrilateral panels

The entire vorticity distribution can be described by knowing the value of
4 Cp at the junction. A finite element extends over two span segments

of the wing. Therefore each'span segment has a distribution of A Cp which
is the sum of the ACp from the.left panel of one finite element and from
the right half of another finite element. On soan segment i~

( -‘Ai R -
3 ) AC L‘AL'Fl ‘6)

e (jin':i) ¢ (51“'3;)



The influence equations for thée type of panels required for this distribution
are developed in the next section. The values of " Cp for each singularity are
obtained by satisfying the boundary conditions for normal velocity at a set
of control points distributed over the planform. The control points are
located at the same places used for constant vorticity panels.

The section after that describes how .the normal _
velocity induced by one of the panels making up such a panel palr is in-
tegrated over a panel of another panel pair after multiplying
by the local ACp. Since the integration is performed exactly the result
is the drag which one panel induces on the other. Since the drag is
proportional to the product of the aCp's at the panel edges, a drag

influence coefficient Co;; may be defined such that the drag which panel j
induces on panel i is

Cpo.. aAcC
pl.,] Ac.pi P.i

Panel j induces a velocity normal to i

ving
Segment J
segment 1
ACp
acp
acCp. ACP;.
acy. 4
4
N) > 3
‘3.‘ ‘315! \3 . n

The integral of induced downwash times A Cp is = C°Lj AC':AC'i



Since a finite element is composed. of two adjacent.pénels, the drag
which a finite element (composed of two panels) induces on a panel located
i R
on a given span segment can also be written as Co.. acp acy.
B LA b 4

% acy

ace.
4

singularity j

Since a span segment is composed of a aCp from two singularities,
the drag induced by singularity j on span segment i can be witten

{ ACP -OCD ACp } AC,,

u&l’_, l'.‘l J

The superscripts L and R refer to the left or right half of singularity
pressure distributions on segment i. The drag induced on a panel spanning

such a span segment is obtained by summing over all panels j.

The leading edge suction force is obtained by subtracting the near field
drag, as described above, from the zero suction drag. On a given panel the
zero suction drag is calculated by integrating the product of the local ACp.
and the normal velocity as given by the camber shape. This normal velocity
i pnly equal to the induced velocity at the control point and the difference
accounts for the leadlng edge suction. : -
=



Spanwise Linearly Varying Vorticity Finite Element

A constant pressure or constant vorticity panel with a quadrilateral
shape can be constructed by adding or subtracting four semi-infinite tri-
angular shaped panels. These semi-infinite triangles, each determined by
a corner of the quadrilateral, can be assumed to induce a velocity potential
everywhere in the flow. However, each corner represents only an integration
limit, and all four corners must be included to make any sense. If it is
kept in mind that four corners must be included, one of these triangles,
having unit a¢,, lying in the 2=0 plane, and having sides determined by y=0
and x-T3=0, induces the following velocity potential

- T2 R "y
PLX,4,2) = -;:—-{(X-T:\)le + Ti;lﬂa ReX

Ty(x-Ty)-T2* R-X

- 2T+ QQM -(2-,&)[(;(-1‘:;) Forl' 5 +T2 1 Jon(g'+2Y)-T a]}

P R - (Txep'y)

1 3
>
where ,Bt= i-M, R*s x‘<+ P (g%2Y) ' ﬂlg{ ke
2 /5'40

To obtain a panel with a spanwise variation of ac,we can combine
panels composed of thin chordwise strips, each with its own acs,, and then
take the limit as the strip width goes to zero.

>~ 3
(X;.,,‘A;,,)

Ko L(‘G;) =T§;

XY
The resulting potential is

Pl¥yy,2) = S Z [4’0.(""‘{»3.“3;32) - ¢,°(X-x‘-_,,,$- :"""1)]‘“:’.:

ol &Y >0 ‘-.
.

Snax
a -~
= - —_— - < - C ~ dav
f s ¢°°[x NEP I ‘3,2] ()3
-] o ““l

Co(R) gol2-1LT)) 9-3, 2]} + I Cp'('i)g,'[x-ui),n-‘:iﬂ]e‘i

'3““ °



In our cgge we will yse g 1inearly varying co( and a strgj t leadi
edge such that " & e
Rz a bg Ly = T§ Co(F) = b

Therefore

where,ir we let

.‘-X‘Tn

~ 2 ®
e T(3-3) B - __;FEE_
=712

T("":n)x

il[("‘.r!!), 7(3‘3);72)1-.][

Fol%r8,2) - Wl T Ty, $Yns 2]



However,the integration over % can be performed more easily by
integrating the velocities rather than the velocity potential. In our case

$.8%,1,2) = @,(3,7,%)
- _n_ R+(¥t7) _ BR +(5+8"%)
{ SZ’Q"ZR(:v) 183 BR +(x+0'7)
-t IR - 1 . n
¢ s hed 2R ] 3ae e by (Y -3])
and .
_ % 28 & - IR &l
Yoo = X ) 9% 8w {XM' 37-3*
. 2% a 3 . =kT - IR IR
_ (n. -1 _ 3(3+7)
(zk)[}-m ! ___"’r]}
W= 2% . p 2% | KT J. g Rem) TR
° 22 3% 8w R-(3+1) ~ qhg’
L’a Rf(‘fb")
BR- (3+8'Y)
+ (2-%) [_l(_iﬂ_ h(?tfst)]}
where

R = (Se)t+ (BE1)(7'+3Y)



If we define

u'ol (!,'7’3,6) J l'Loa (!)-7> 335)A7

Vo, (%,7,3,8) J V,O(s,v,s,ew“]

0, (3,7,3,8) = [ 0.,05,7,3,8)47

then
\ aR+(3+8'7)
u'e|(},-7,3,5> x {7&“ 17 st E rA Qﬂa BR-L!’G'"’)
R+('.'n’l)
- 2<% foa. *&)}
YL Aoy SE - [1 1A 1+

alz+(i+5’l)
sf’ 38+ g z’Q’% BR-(3+B%)

- 23 dog BEED g () S § - 23 3 A7 )]}

v, (3,7,3,8 --i“-{(‘] 1) Ko

R-(¥+v7)
AT . Re(S*+T) v otoy o ) BR+(X08%7)
wo,(§,1,3,6)= ‘;;;{C?'E)'{ —R-_—(S*_’)) +@&-87) &2 BR‘(S’B“?)
' 3R
+ 2 + 2R
3 Ko THT

- (-3 -3y D11+ 23 Ao I- 2(3+7>]}

These velocities can be thought of as being induced by a semi-infinite
vorticity panel with Cela) =7y = v



For triangular loading, consider two adjacent panels in the z=0 plane.

(x')“o)

Then for any velocity component, say w, we can combine terms to obtain
w(x,4,2) = Cp { S Wl Ry, 3 2, T ) + Wl x-x,, 44,8, T,)

[ W, (x- Xy, W- \o,z T)—w(x X,5,9-%,,2,T, )]

}
4 —_——
T, (:s ~3)
\
- —-F. m [ wo\( x-x" 3-\3| L4 E’ T' ) = w°|(x.x' 3 n-:‘, E,T.)]}
1 P '
= ;o- m “)el(x-xb, R T 2’T°)- wol(x.x":..‘"3’T°)~T°L“'-3.)w°‘x-,')‘°.‘”E'TO)}
C
] 14
* ;: (_3;-'-?,5 wo.Lx'xz) ‘37:'_"2':Tl)" Wol("-x,,’a-‘au )+T(‘3 3, )Waf%-x 18T, T,)}

where Wyois the velocity induced by a constant vorticity panel and W,
is the velocity induced by a spanwise linearly varying vorticity panel.

10



Interference Drag Between Two Spanwise Linearly Varying Verticity Panels

Consider the following definitions

= xX-Ty

T = Ty

¥ = T2

8" - “-:-—; (T p’) R¥= (3+7)+ (8% (7%3%)

Then, considering only the near field terms, the velocities induced by each
corner of a constant vorticity panel are:

Rco -1 3R

u'oo(s)q) S)B) = 81.‘.. 57_31

V., (§,7,3,8)

_ ket {}:».C' IR IR }

+
g S"’-K' M3
ReoT | Re(¥+7)  « a8R+(3¢67) TR
w z -~ —_— - —
0o ¢ 3,7,3,8) 8w 2 La R-(5+7) o 2 3R-(3+a') ! Mgt
| 3
i A >0 | m_<i
wo | |
2 At €0 4, Me>)
Now define for each velocity component
37 Wu (BTLLEY = 0 (5,7,5,0)

3—{ Wi (57,58 = W, . (3,7,5®

A discussion of the calculation of these velocity components is
given in Appendix C
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Using this notation the velocities induced by a single corner of a
spanwise linearly varying panel would be:

! )
Tl'- “.‘(137);)8) ) —1-:\,‘!(!‘7“45) ’ '7;"”0;(,"1‘:8)

because

d > °
—a—; “ao * Yoo ;:, Yor ® Yoo 'a_; W = “Woo

The factor - is necessary because the integration is over 7 and not y.
T .

Using the above definitions the interference drag between two panels

can be derived. Consider two panels A and A having leading edge sweeps T and
T, and coordinate systems such that A lies in the plane 7 = constant and A in
the plane Z = constant, and the coordinate axes x and X coincide.

4,3
(%) Cx, = T
(x"%.) X xl
X~%, = T{9-3,)
(xl 3 ) A A -~ a &
39 {x- 2 ° T(a-ja)
(%3,%,) R-Ry * T(R-3Y
x [%
(x4,44)
z 2 |
<
- TLS-‘S;)
: 5 %,
2= 2 ka
3
Py T‘xomé
(s,2) - 3

12



The coordinate transformation between the two coordinate systems can be

written in the following form:

T — + T
1/(1#1") (A 2

&)

N>

= ————-(‘__’t.-_) ("'ta" Z)

If we define

cs

then the following relations, which will later prove to be useful, can be
derived * '

(,O.-H)(,o:*l) = Q»TY)
(8- (B%1)
(1) (ke
__(&-1H
2 (2+0)
X &k-TH
R+ G+ Y
LC1+1?)
-7ty & - =T L
e G
(&+1) . vy
(R*+T'8%) A+ 285

13



In addition

¢ - x-73
A A A A ] u‘l)
1 = Ta = T YieTt (avti) N QrTd) (7+72)
A _ A A - A ) - _ (‘x,.) .
- — CELICIEIE N S )
and
(3+7) = B+ = % =%

Qe (1% 8 = Red(7%3Y

2 t ‘.— T 3 A a1 aq A A
R o= (B+7) + (B8-)(7+3) = (F*+7) + (B-(7+ 1Y

Assume each panel has a vorticity distribution

) ’ 1 <3<y on A

s>
4
A
24
A
s>
(-]
[
>

Then the velocities induced by the leading edge of panel A at any point
(¥,7,3) are:

L&m(sn;-a""’: 5 373,580 = W (5-3,,7-7,3-3,,8) - (1) u"(s-l,_,"]-‘[“S-S“B)}
. .
—T—'{ V,, (5-3,,7-,,3-3,8) - V, (§-3,,7-7,,3-5,,8) - (7,-1,)\/“(s-x”1-1.,s-x,,s)}

c .
W= —T!{ ) (5-5' »1°7,,3-5,,8) - wol(s-sl ’1_71 )s'xn 8) - (‘1'.-’1')O”(S-IU‘L"“S'S“B)}

Note- that 3 =3}, because (%,-T1 )+ (x,-Ty ) on the leading edge , and 3,3, .

14



The induced drag of panel A on panel A is obtained by integrating the normal

velocity (lo:‘)‘* (w-Tv) times the vorticity strength
over panel A. \See page 34.).
direction may be peformed at once., Since . .
the integrals 6f w, v, and w: 3

= { W, (33,,77,,3-5,,8) ~ w,, (3-3, )7+, 35, 8D = (77, u, (5-3,,7-7,, i-s,,e)}

and

Co
:F{ V" (3‘3,;1’733 S‘;.)B)" Vn LS“I;)"I"L ,S'Su B)'(”“”,) (3 It’7 7“3 S"B)}

ac, = (§- i;)

At a fixed value of 7 the integral in the x
>
33 \.43| * wﬂl

we can write for

L

37(

3re.

Ce
T {“’" (3-3,,7-7,,3°5,0)-0, (3-3,, 77, 5-5,,8)- (1:-1,)0, ( s-a,v-v.,s‘z,,w}

where
trailing edge of A for some value of "’ :

z L.E. and }T E. refer to the values of %

&

at the leading and

Since the procedure is identical for determining the location of both leading

and trailing edges, only the leading edge will-be considered.

%1lone this edpe:

3,0 RCT-7,)

(X-x) = TC3-3,) = T Y147 (3-3p

(B-2,) = (2-2,)% (24-2,) = T(3-3,)+ (2,-2)
or

NI SRSV R PESITO

3= (13'11) * Tl7-7,)

N>

Lo

2= &

15 -



To complete the integration over a quadrilateral panel we insert the ¥ limits
(which depend upon 3 ) and integrate over W

If we define .

r~ 1 .
., = - f ~TV.
Wi (5,7,5,8) = o= (o 5,00 -tv (s, ,50]

the induced drag is then obtained from the following expression.

Te '
Co Sp (+zh ~
Crap" ; TA (7.73) W, [ (5,-3) + R(7-7), 77,5 (34~ 3+ T(1-7y), B]A.I
Ts
e ‘
Q+1dH ~
=53 | (108, [(5-3)+ R01-1,)5 17, (3,-3)47(7-7,, 8] 47
1
Ta
u+15(
oo 1)

J 13, [(353)+ 21-7,), 77, , (3,3,)* T(1-7,),8]d7
7

These integrals require the following quantities of type W such that:

W, = 7©,(5,7,53,0)
14(,' : S, (5,1,58,8)
W, = 73,051,388
W,

©5,(3,7,3,8)

where

16



Integrals of this type are discussed in Appendix D

Since

$=

we will denote

Therefore, since

whare

we have

8m Co Sg“

\
T

I(7) and Y= 3(7),

__.Zbiics,ﬂ,s,a)

-

1,88 by FoCD

\

3

Y

C,p8,

(Y
_Bt
< v 2
T
T
L J
s h
I 4) "
e A{ J(“I-’I,)‘r“(‘r-*l.)o\‘[
‘13
ﬂ‘i
- J(ﬂ-ﬂ,)f,,u-'t,)av
‘13

) .
= apn | e f (1047 }
Ty

\
- 7 [x.o;j(glﬂ,s‘a)-t V‘.‘.(S,‘I,S,B)]

k= A‘)o

M s

2 pl<o
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Or, using the results of Appendix D,

er Co Sgc#

i

R cpé,

4 lf'z‘ - - - -
= T*: A { (7‘-‘7)E [{21(7“'-‘7)- F {39(71.7)]- E‘{:;|(11-7) + [ EF « FE]E {'“(1’-7)
- e cen-Ffapnle'f (p ) - [er - Fele £ (1

]

11
ST E LU - F £ T =F, 1 - F'ﬁ,ﬂ,—ﬂ]}

=1,

Yiett AE(T, v>{ T 10F, 110 - (1)

-
- () F T B4 (1010 (11 1;,(7;7,)-1:51;’1,)]}
{l-v't (l*l) T A A
Tt UetY A { [Feser]FT {, (11D
- (D ERTE i) ‘“ F'-rﬂ(i;-‘zh[raaﬁ_]r-'r?“(«‘y‘-ﬁ)
N N n a - . :":’u > 17,
+(1-1) Fr [, (1) - 430('1,-7)]}
1.1, , 17,
At Gy T
(7,-1) A {-(1 ST FT fr (1 1) EF'!"r (’1 ‘l)+ﬁ:,'3, FTF, (1,-1,)

T )

-
LY - -

-~ A A - ("‘ ) -
T FTE ) - EFTE (07 - Gy, P (0 )

a

- (11 FT | ?“(%‘- AERNGA "r,)]}
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8T Co Sker
Xe. cpd,

= —;— A{ (EF * FE) B {*"(‘74‘. 7') - Et‘{‘ll("*",') + (’74:"73) € [ $7.|L74. ‘71) - F—{:.no(‘l‘\.”l)]
- (erere)e £ (101) 4 €F, (177)
v (erere)e f (110- B8, (1010 - () €T (1010

SlerrFe Ed (T BE (1)~ (1) E L (01D - FE 0107, ]

+ (T,-7) E [E I;}"s"h) - f, (-0 ] }

"*T‘ U’t‘) 2 ! = a a d‘l) TP A A Uv’l) A A
T I Gy AT { (EmsE)FT{-‘g ;‘z‘)lf‘\wr‘)v=-'r{-3 (147~ (1, 7)[ 1-4 (., 1),'“.‘.4 L,

u‘l) : - -~ a
- (snrenr{ (131)__1_)‘: T4,y

@y

v (ereFO)FTE (09)+ S22 P TGA) - Gy B ELGL )

T2 2 We) 2 7,5 = Aoty T (5.3 T (93
- (EFsFE)FT {40(71.?;)—0 X &) FT +-11L71- 71.)*(-1{1 )[(lot‘)FT {’u(‘?‘-"‘)’ EFT{:‘SD(‘I‘-‘I‘)]

+ (M=) F[FT io(’t,-i) -(1mT +“(‘l,--i,>] }
Now define

A - \(l*‘l’)\

a8, 7 3,3 - "_;'_(1{"1) AS,,s (3p3) Qe T 1 1,)
. Goiy =
and note T'FT - - (ReDE e - - 0:;3) £
TEYT « Qeye"
Teer . g
any’

T (EF+F T = -
(EF+FE)F o
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Therefore

8 CD Slll‘
Y a

CeC,

et . - -
= ——A { (EF+FEXEf (1o -€M 4 (1;1) +

—ﬁ—,'—-?‘ EI_‘F 1, ’1)*F+ L, 1]
- (EF+FE)E 4 e { 1)

s(erereye £ rpn-e' (1) - TaseT (110

- (erarmre £ )+ BV (70 - JA_? e[ 1,100 F T (10m)

+Tas, €[ ef (1,7 - Tf—'-{-—'ﬁ— +,.01 701 }

{The same terms with the followingireplacements}

I — 3

T = 7

o= 3 | - 3
A

B — B 2 —- 4

T—hﬁ- CE |

X = A 4 — 2

From this expression it can be seen that the total interference
drag between two panels is zero. Interchanging the influencing and

influenced panels changes the sign of the expression and the sum is
zero.
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There are four expressions (AE, AEE, AEF, and A(EF + FE)required for the
eveluation of the interference drag. These coefficients will now be

evaluated.
< K
Q-t*) - %t‘(a‘.-.)
-8B (-1
AE = =1 - : _r—" I . -1
AH ool &-7) > E - H
F H'a
T (B+a)
T(R+1)
. o
r -—_
(R-T') = T'(R+) - L7°(8™1)
- BU(R-TY + T a%R’) + LaThHat-n)
AF = AN'G = —;|_,,- : % KLK-7%) - 7."(24'!) >
(x+1'e’) -
T[(@42) «-7*) + $TY&-1)]
T[ @) + @-79) ]
r -q*
(-7 - ‘ttBl(lﬁi) - i‘t"(B‘-l)
-p [ A(r-TH - TRt ]
SR vovres ﬁ L (R-TY) - T (8%) >~
Wertaty

T [ 2e™e) + 8UR-tY]

T[xu#o B ().-z‘)-—;t"(a‘-l)]

L J
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-t - T (Crene 2iety ]

-2ty BT s ThEM T ST ) ()

AFE = AH G H' = : { (-t - T [ (aen’s (%0 + 3N
(ertat)’ . :
2t{-TY (B34 1)
27(R-7%) (&) - 1 T38%1)
-
f N
(8 -1°) -t‘[(zol)‘«bi l~(ho)-{(|ot'~)}(a‘..)]
LA T AL 3 (S N 3 . N -
~BET)+ T {(84) -&[1- ;uu)](a-:)}
AEF = AW H'g * (2-7% - 7 [ @en®s a0y - TV8NY)
(,Q'-‘Tlot)i .
2t(R-t ) eh) - Ta {1 - L)
2T (2-T*) (Ret) - 5;-’1'3(5':-»)
L
A[FE+EF]E = A[HGR s H'H'a] R

(ahteh’

"
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2
- R(2-1%8"» 7B + 278 4T (84 2)-4 [ 3 - (440] (&5 TeYTUEM)

@-1*Y % T {osrh(ans- { 1 e a-r)- - faen] } (8hny]

z-{ (2-79'8"- Ta'+RY + 22(R-T*)(@'*2) ~ > (2+7'a%) t‘“’“”}
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' In terms of more familiar quantities

Q- -——-—l-—(?'—'rw«ﬁ)’ BI=|—1(T1*,AI)’ T-= Aind
T cead T Coa ¢
@er'edy = —— {(%-qus)z s AL$ (TR }
T e |
} " T A 1 e
= _—-—{ (T-TY + 2(1-ceag)TT + R Asm @
T‘m‘#,
@-th - '—‘—{('?'-Tm*#)wcf—‘rﬁnl?*} s —— (Temg-7)
T cat'¢ T cos$
A A k3
(e+8) = T‘;Np i (T’*p)c«u}» + T(T-Tco«ﬁ)} s s { TT + A cend }
| - o '?"
2+ = ———— T Aan (Xq-l) = —_—
TLR+1) T cod ? Tewo ¢
and letting o - (F-T) s 2(1-cond)TT + 8 And
' j* ' . \*
(-TH- F T8 ) T(Teand-7)- 30 s
-B8'(R-7%) - = (TeR) (Temg-T),
AH : AE = - ﬁ (K-¢%) L. = ﬁ T(Tcetg-T) -
(R*+z78%) ' 3
T(B%R) B (TT+Aord)
T(R+) TT Aln g
L - L J
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T(F-Tesa§) (Feop-T)- ARG [ T4 N L TR cnp]

_::T(Tt«r,{bl)[(’}-Tm#)(:}\'CM¢—T)—A?\m14 (T'?'+/51CAA¢)]
_'.._< : , T[(?--Tm¢)(%m¢-'r)—/:-:wl¢ (T?+/E>lco4¢)]4 >

Mg [(F-Teos§)(TT+p cond)* (T coad -TITHRY |

Talnd [ (F-TI(F+T)- % o AR'$ ]
. ;

( )

T(?’M#WT)"_ Mf{T"l\'z + ,Gl [ Co««f (ngf +T) - lz T} }
) ${ (TYENT cond -TY- AP [ (TT+pcoad) ™ B'(F-Teond) (Teon- § ?)]}
T{ Gemgom'- A [F7 27 0- §400]

2 Alag {(§m¢—r)(1‘?+,alm¢)-é.e,‘A‘:ﬂ“f (Teanp- 3 ?)}

ZTArné{ (T cosgp-T)T - % o At m¢}




x

3

A 2 TIRY a a A A
T(H-TeaopX(Teord-T) o AG{ 78 [ (T-3UTeH)-T(Temng-T)

- ;‘ p [(oTcondsat)Ferp-1) +5T (F-Teorg)cond - ap‘A;w‘;é m.ﬂ}

2 °o 3 a L L) A
- AV F et (FemnbeTyo LA (rhe S| T (T Senp]
2T FemdTY] - T4 [T 20 cud)TT 1 ARLB] (T cond "?)}
ezt

2 T(T-Teoag)(Teard-T) ¢ Tam'¢ {%[(r-%)tn%)-w (T cond-T1))
— A[EFFE]E = ";g {

SR [ GeTemd) cond r 2(Fead Ticond-d (Temd- 18] ]

Aol hBy(Femsd-1y - (1o Llena )| (1T 4Bl aln'y

- 2(T-Tewsd)(Temg-TY-2 Fyw [(44)‘02(\-“4)1?»,5'&&]}

© ~ 2 A - A
T wmé { T(Tcoad-T) + 2T(T-Teoad) Teaad-T1)

..,5:,.\.‘*[1-1‘-;_ %A‘{m4(TM¢-%+)°%T }]}

If A~¢= 0 , these reduce to

‘ Y
T .
\ T e i+ Tt 2 1
- —_— = E
L (rheh) ~ T AE == A
! o 1 !
= T =
AL (T-7) ) ” T AEF (F-7) AE
N 2
Fef =
) = AleF-Fg] G ARE
(o]
. P,
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For the case where X =0Oor T = % and 2 is constant » then,

&
w
g

3
&
Bl
—
)
£
~
RS
v
-

&C_f‘.és:. - {(1,-7_‘m,1(34- 5,77, 30 0 W (38,70, )
* WL (X, -F, 1,-7,3)
- [ we (3,-1,,7,,-‘7;,0* (7=, Wi (3,23, 7,27, 3) ]
[ 0 U34-8,, M- 70, 30 - (1) W, (5,05, , 7,9, 1))

*(’71-7,)[ Wy (3-8 ) 1-7,,3) -l Ty) w0, (5,-8,,7,-7,,3 )]}

The expression for CD with T-7T can be shown to be equivalent to this
in the limit as T+ ¥, This can be demonstrated by using the fact that

24 W, (x 7,%,8 |

T T‘: ) 2 ,5,. ) - (J") }T‘twt. il(i."‘,’s’B)
- where 2 involves hdld:[n’g X, ¥ 2 and /e constant

T .

26



FORM DRAG DUE TO THICKNESS

Chordwise Linearly Varying Source Finite Element

The influence functions for a constant source panel are
u = &

_ YT R +.(Ta+ @)
emw JT fp ’Q'OB

yr? +P R - (T'x-raa)

V= __:g{_ { 2 R+ X L‘a{Ttép‘R-(Tx-r,G'a)
o 2n 2 R-x */"_'T W R (x+pa'y)
Wo. .-%‘("" xaa'\-‘ zR

% 21

Xy = Tly'+2®)

Integrating in the chordwise direction gives the inf‘luence equations
for a chordwise linearly varying source panel

’

B Rex | LX=T3) 1
.:"—‘{Bzﬁ"a

’E LAIR + (Tx+,6;3)
et 2

-t ZR
YTHp R=(Txip 2\) 2 Kot Xy - T(a‘m‘)}
A ReX _ Tx-Ty) STBTR « (Txe @) -« zR
Y,  ®-— - = L 3 _ .
'°:. 2w (x Ta) R-X \/T 1p rA l"a{r +p R - (T’“ﬁl) - xnm. xa-T(a‘q-z‘)
- : 2 .1 . ?
“‘__95. (1T ) Foul" 2R ___ .7 24 R+x La-/r:p R + (Tx2p3)
2w Xy -T(g'+2 ) YT4p' R - (Tx40%)
l\gai'n, let X = x-Tl
7= Ta
1= Teg
B- (tt+ p")
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Tne source panel singularities nave the following properties:

1. All panel leading and trailing edges are at constant (—5— 3 side
edges are at constant 4

2. Each source finite element is composed of a panel pair

3. Source strength varies linearly with chord measured from the
leading edge of a panel pair, i.e. the maximum value of the
source strength is proportional to tie local chord and attains
tiiis maximum on the panel edge Jjoining the panel pair

¥ integration at constant 7
A, X >
2
-
b
5\
A
“z 3
Z= 2,
3
T-= qub
3
. . X\ L Xy (%
Define Al = (c);—(c)‘ = (c)‘ (C)r.
X ® X (%
Ny ¢ B0, = () - (B,
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The panel pair induces the following perturbation velocities

g
M(E;V,S) = —A— [ l&lo(s-sn)“?."l) 3-S|)Tl) - &io(s_sb"’-"’)x‘s""-r")

3

+ u,g(i'it,”‘”’;,x'su.‘-;) - “,,L:'Iq_,o"",':x-sQaTs)]

<
. — [ W, C5-3, T, 308, Te) = W, (303, 707,33, 1)
53

W CERE T, 308, T - W, 30y, 10T, 303 )]

Results using these equations are compared with
an exact solution for a biconvex airfoil in figure 1. The only
difficulties encountered were due to the fact that a chordwise linearly

varying source panel must have zero thickness slope at the leading and trailine

edges., Therefore the thickness variation could only be satisfied approximete’ -
in these regions. '

Interference Drag Between Two Chordwise Linearly Varying Source Panels

To obtain the interference drag, the w velocity induced by one finite

element must be multiplied by the local slope on another finite element and
integrated over the area.

CosS
L “ Wiy, 7, 3) AW A4S
To 20
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Consider first the integral over % of a typical term

3,
— J [(3-35,m] w, [ 5-3 ,7-7,,3-5, 7 143
A
2,7
L Q)

L2 ))

1
- , J [s-3,n]w [X-3 ,7-7,3-3,,7T,143%
‘S,Lv)

°
1

%7

{ [, I~ S-,] uzct 3"5.,‘1"7, ’3°S,JTI] - '*30[5'5,)'7"1,_,1'3”7,]}
s'l

3

- _A'_ { {2-5,1w, [¥-3, 7-7,3-85,T,] —u;o[s-s,)‘l-‘l,‘,bs,;,]}

n,9 3

2

\
9

{ usa(_s_’.;”q’.‘q”]’-g,,'r. 1 - b\ao[' S,-S.)’?,-’?,) 3,-3')7.]}

,7
+ — { uéo[ sll-;l ] 7::—7n 3 3"‘3' » Ty ] - M°° [' 3"‘ 3. > ‘71--‘1 4 S.,‘ 5 T, ] }
A
n)s
(5,-3) (Xg-% (3, - 3) (%,-Xy)
because > 1T . %) 2.
By Q44 A, B9

P4

However, analogous to the vorticity case,

I

. XAT h S

- L. where A °

’ o
and AT = A = A
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Performing the integration over 7 of a typical term (where X=3¢p , 3+ 3]

e
. 1+T T - - -3, THYd
T,
. 1
o % moal et 1D S T
- Z'II'T‘ E|'l ‘o(}-sl "7“7”3-3“1.,) - (Nt‘) Fl';r 440(3-31)‘7-10)3-31’1-7)
1,
i—d”)AFT - L T LD pp e
T Qeth) CTOT (eTY) N
b )
) (Ry*) ‘
i T & \a - - l—
T'I (+TY) Q-+T") ( W) AE" T_"- AEu
T, ir 7t T /1eTt
Where = ————— 4 + < —1——-—_
(2'"*‘) -|—1 un ') T'
and 'f'“[‘i,"],'x,'f] :--{-40(3’7’3)1-)

Therefore,one typical term for the drag induced by one panel on anbther is:

Co Saer 2% < 1 . -~ '
T & = T 1r T Z;. _A_” AE'1'('4°(37~3."7"’1"3_,-1.,T,)

- the same term with the indicies 1 and T interchanged
and all variables based in the (§,,3) coordinate system.

The complete drag coefficient requires performing this calculation for all panel
corner pairs and adding the result after mutliplying by the appropriate sign.

From this expression it can be seen that the total interference drag
between two panels is zero. Interchanging the influencing and influenced
panels changes the sign of the expression and the sum is zero.
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In the foregoing

()

o

. L

Ji+T" 1+ T !

T2 AE = o (_Q'-uz'-e‘) ﬁ o] }
-7

L (o}

P

'

[(F-T)% » 201 - cd)TH + g alar¢ ] ﬁ
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NEAR FIEID AND FAR FIELD INTERFERENCE DRAG EQUIVALENCE

This section will show the equivalence between the drag force
as calculated in the near field and as calculated in the far field. The near
field drag induced between two singularities is calculated by multiplying the
induced velocity normal to one vortex panel by the local Cp and integrating
over the area. The far field drag is calculated in two parts by integrating
perturbation velocities over the appropriate areas on surfaces far removed
from the singularities,

The singularites chosen to show the equivalance are two infinitesimal
areas of constant pressure panels. Tt will be shown that the total
interference drag between these two singularities is the same whether
calculated in the near field or far field. The velocities induced by these
singularities may be found by differentiating the velocities induced by a
constant pressure panel with respect to X and ¥. These singularities actually
represent elementary horseshoe vorticies. Any singularity field or pressure
distribution on any set of surfaces may be constructed by integrating
together the appropriate distribution of these elementary elements.

Consider two infinitesimal area vorticity distributions and their
- associated trailing vorticity. Place an (x, v. z) or /x, r, @) coordinate
system inside the upstream area with the y axis passing through the trailing
vortieity. Then later in this section, the following results are derived
for supersonic flow.

Qpl 35| . 3
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The near field drag is

- _ [CF,ss,][c’P_‘ SSQ]X 1 ° ° ' LI
Cp S = Py {mtbauoé, _li —M¢3M¢|E§[R‘prl}

'3 REF

the far field wave drag is

1.
£ <k, 55,1(<r, 551
z - ! . X _ %-R
C".gu“?g" prym {Mdﬂ Més Ra C.ob(¢,+¢:‘)[—R-_, m }

the far field vortex drag is

[Cpn SSIJLCP.a SS.\I

Co S = - Coo(9,+9,)
3 YocTegRt‘ <+ v t 3 !

retuits it is easily seen that the total far field drag is

Cp A CD + C.D = CD

2
>
ToTAL wave VORTEA '3 sear Figo

¥or supersonic flow only the near field terms of the influence equations
vere enngidered.For subsonic flow the near field drag as calculated using
these terms will cancel since the value of x will change sign when we
interchange the influenced and influencing vorticity distributions. For
ony distribution of vorticity this interference drag will cancel exactly if
the integration is performed exactly. Therefore in subsonic flow the only
contribution to the total drag comes from the far field terms of the
influence equations and this is identical to the vortex drag.

Induced Velocities - Supersonic

To derive the above equations consider a constant vorticity panel
located in the Z = O plane with one of its corners at x = 0, y = O.
Consider also a polar coordinate system with the following definitions

z
T ¥ Cod

Jd i ¢ (x,3,2)
Z = Y‘M‘# (x) r, @)
iz ylve?

R?.: xz_/elv.t ¢

R+ MI-) |

3
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The velocities induced by an infinitesimal streamwise-running strip of this
constant vorticity panel are found by differentiating the velocities induced by the
edge of the panel at y = O with respect to y. The resulting strip is actually a
line doublet which varies linearly until the end of the vortex strip and is. constant

thereafter. The velpcities induced by the end of the strip starting at x = O are:
we-Zu, oS P X
T T O R
w = - :—3 W, = - Q‘:—:r: { f:&[&llt¢,e!r _%_z } = —%{% [ZRt«tp‘v"]-K}

and radial and tangential velocities in polar coordinates may be defined

T o
Vo= Veoad + Waln¢ = — Cpds xr»::«#
o Crds Resed
V = -~ =
¢ VAain$ + Wesnd pym =

The perturbation velocities are found by evaluating the functions at the start and
end of the strip using a coordinate system located at the respective end points.

The velocities induced by an elementary horseshoe vortex or line doublet are found by
differentiating these velocities with respect to x and multiplying by -1.

" Ce8S A% 2% ¢

- I arr?
v | _ Cess X codadh
¢ 47T iR

Cp8S XA:AJ 2 ?
v = - - t
. 4 *R? {R s }
£S + §x Sy
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Near Field Drag

Consider an elementary horseshoe vortex with its local z axis inclined at an angle ¢o
with respect to the vertical. Then the velocities induced are

. Ce §S, X Aln(¢-4,) T,
vv-o = 4T v { R-Ax¥ }

2 (x,c,¢)
V . - 885, X cen(4-4o) r

5, 4w IR

R = Xt" plrg

elementary horseshoe vortex

!
If we consider two singularities

_ » denoted by subscripts 1 and 3.,then the
component of velocity of vortex 3 normal to horseshoe vortex 1 is

N

V = =V Aln(d-a) + Vg cod (4, -«) Tee }
[ rQ 3

ac, 58 = -[cp 85

les 8s]lc, s55]x
4Tt

e 83,1, =

{ Arem. (T +0t = @) Ak(gﬁ;x) "‘—3 [R’lpfr'}

+ced (e ~dy) mu,-u).-—'rz }

- [CP. 854.1’[::4 SS.:] X { Cod (43_‘) M(‘,") —lR - ,A:m. (t;d.) A:'\(*‘K)i'; [R‘_‘p‘ftl}

Since only one singularity can lie in the downstream Mach cone of the other
the near field drag is given by this expression on page 35.



Far Field Drag

The far field drag is claculated by integrating over two surfaces at infinityf
The wave drag involves an integral over a cylinder whose axis is the x axis and whose
radius approaches infinity. The vortex drag is found by integrating over the end of
the cylinder as X — o (Trefftz plane).

Cowu: S"" s T 2.[,[ §x §v‘ ds'—
S,

] 2
CDVIoR?tx SRCF = JJ ( 55 * §l )J s'z
SJ
$ = .velocity potential
z

area element for wave drag as,

Trefftz plane S
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Wave drag-to evaluate the wave drag we must perform an integration over
a large cylinder wnose radius approaches infinity. To avoid complications
in the integrations we will calculate the interference drag between two
streamwise vortex strips of finite length. The wave drag between the
elementary horseshoe vorticies may then be obtained by differentrating the
result. The velocities induced by these finite length vortex strips are
given by the equations on the top of page 36.

3
CPI s x:x‘
“"ﬁE"— 8y,
\ (X,ﬁ) pla.ne
L X=x <p
hd JE X = Xa
—-—-i:-n— 854
N
5 X:)(’
x|
streamwise vortex strips
z 1

(3,2) pPlane
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Consider a coordinate system located at the center of the large cylinder.
of one of the vortex strips will be located at (x, 5P, B, )

14

coordinate system

Then

(X,p,0)
?
¥
%
¢ S
%,
e |
-l eo
|
XK= X- X,
‘,_2___ Pz-rfoz -foooe'Q(e‘eo)

peod® = £ con + v cod($+d,)

pamm® = f, By + ¢ ala(g+d,)

The perturbation velocities induced by this end of the strip are:

W = ==

40
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4rvr R

Ce, 83, (X -%g)" Aln ¢
4ret R
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Since there are no perturbation velocities ahead of the Mach cone centered
on the (x, y, z) system we will define a new variable ¥ = X-43p,

On a
cylinder with large p the values of ¥ will be .of order one in the region where the

Mach cone intersects the cylinder.

>
[1]

x*- plvt

(s-,(o +/Qf)l _ /61(7,

(3-%,)"+ 28p(5-x3+ Bp - B [php’- 2pp con(0-6,)]

2Pp [ (3-%,) + pp, o6 (6-6,)] « (¥-x) - plp"

As p-oco the following limiting values are reached for finite values of 3

R — Y 2pp [(3-x)+Pp coa(6-6,)]

and
" Cp 83, (E-Xo+Pp) &nd _ Cr Sy, P A (6-9,)
4mp R r 28p Lx-%,) +pp c0a(6-6)]
;- Co 880 (T-%eoP) Alnd __ _ Cess, P aia (0-4,)
T 4n f‘ R G ﬁ,ef L¢x-x) +,e,>°m(e-a,)]

These functions must be evaluated at the start and end of the vortex strip
(linearly varying line doublet).
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To find the interference wave drag tetween two strips we must integrate the
product of u from one strip times vy from the other strip and multiply by the
element of area over the infinite cylinder. Assume

strip 1 - begins at X=X, and ends at X = X,

strip 2 Tbegins at X = Xy " . " X = Xgq

The associated values of (/: , €0, %) will be (p .6 ;4 ) , (fa .8, $,)

Or
L Coss, P ain(0-¢)
' 47T ﬁpf[(s-xl)+pf,m(e—e,)]
v i _ cpnss' AIA;-\.(O‘¢:)
.=

' ot 200 T(3-x,) + pp ces (B-0)]
with corresponding values for ends 2, 3, and U
The wave drag is evaluated by integrating

Z[L&.V,“* IA-"V'.I] - 2[“‘.Vr4* “q,vr_]
-2 w, Ve = w,v,, 1 + z[ulv%+u4vﬂ]

over the large cylinder, wnich has the differential surface area

S, = pas 40

-0 < § < o0

O =0 < 2w
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Considering only a single term of the above and letting

a, = X, - PP ce0(06-5,)
Gy = Xy =Pf s (0-6,)
(c, 84 10ch,8 * S (8-,) A% (6
PLlwVorw,v,. ] = Saltl :‘ %] R 2n(0-6,) aum(6-¢5)
: (4m) Y(E-a)(3-a,)
we must evaluate
ar (4
[cP $u ][Cp Sy ] 2 ° A%
C = - — 2_as 2 An(0-¢ ) An(0-6,) de
Pra Taer (4m)* 4 AR
-] o;a
r ax
= - (O. ~Q|)
Now f [Ga(5-00) 9‘"‘3 3
(-9
3
plus a term which cancels when all four ends are considered.
Also, 3
(QJ-Q'I) = (’(.fx-) —A[f’3c’°°(e-93) - f’. M(G'O,)] (73)33)
and v
(73) s
f, co0(@-8,) =~ f, con(6-8,) Wl
= f [ c040co08, + AmOALE,] P 8, fa R
- ) 3
“ P [ condeoad + AL O LUB ] \
= (7,71,) con® + (3,-3,) A0 . -7
TV e (6-) GRS SRETE R By
So : o Aont Can3
(Ty-1,)
(@y-a,) = X-pr ceal(d-x) X = X3-X,
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Therefore,

ur
[CP'SS‘][QP.‘Sj_‘] T Py o
C.o,; S“’p= (4'rr)" ry< JM(9~¢,) M(9~¢a)¢qba[x-prm(e.4)]&9
°

ur ’
= [cp,83,1(cp,84,] . ° o
“am® 2 ZIQJ M[O-(4’,*‘)]4*@[9-(4’5-&)]%[X-prmﬁ]&é

o

vhere

LB~ (8,-2)] An [ 0-($,-«)] = ;— Coo (64,1~ 5 oA [26-(4-x)-(4,w)]

T oo ($,6) = 5 o020 ot [(4-x)+($,70)) = 7 Aln 20 Al [(4-)e(h,w0)

"

-'E-Cm(g-eﬁl)A— La (2ceaD-1) ot [ (¢, -=)+(,-e)]

— 2B cotD Aim [(¢‘ ~ot) +(¢°-a.)]

= A (h-w) cot(dy- ) — o8 O o [ (=) 4 (4y-ot))

— AnOcesd At [(d,-2)+ (¢y-<)]
Therefore, since
k4.4

J A28 ces B Sen(X- Press®)d6 = O

(-]

we have . 2
(Cr 8,10 ce, 53,
Co,, Seep ° o 2/3 cgow,-«) coa(d,-x) J ﬁca(x-,erme)ée
5 :

n
- Co’b[@,-«)*(g-d)]f MIG%(K-,GY'%AG)AG}
o
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The integrals over 6 may be evaluated as follows -

2n
F = J %(x-g«we)&@
o
(214 ' .
_:_:- ) J X’/:fme ) _ZRL VRETE R': x-alrt
anw
G = j s 6 ,Qaa(x-,mweue
. _
G T - A0 H - a2
5% - j X~ v ced a6 = a[ -m a6
° [+

L. , A X-=R
e { R ><+r<} m { R p‘rt}

The interference wave drag between two strips is

Co S, = s _[co ~Co - <o +Cp 1]

1a  ReF eF 149 e
whve weve wavd wave wave
Therefore,if (X,-%x)) = 38X, — o

§5,= 84 8x, 88,= 8§y 8§,
(X4-x3) = Sx3—> o 3 3

the interference wave drag between two elementary horseshoe vorticies is

[CP, Ssl][cP_, 85“] 2 a‘F
Ovave “rer (Fr)° Ly < { Cod (¢ - ) M(d’a-o()—ax—,'
k)

- coaf(d-=)+(¢-=)]

G

ax?

1.CP,S . , 85, |
=_16[ s }[QP S,] { cod (¢, -=) (‘,“(¢3—a() L_‘-
4 R

- [(¢|-a<)+(¢‘\--()] [%‘ _ X;ﬁ]}

This is the result given on page 35.
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Vortex Drag.- To evaluate the vortex drag the following integral must
be evaluated in the Trefftz plane.

But, since vy= —3-5 and Wz —— 2 where ¢ is the velocity potential
2 . '
F' k3
3¢ o2¢
= O
and 3y + Sz
we can write view?® = —a—(§ £)+i(§ a_i_)
: ~ _ T a8y 3 oz oz

Then, using Stokes theorem, the surface integral may be reduced to a series
of line integrals around the singularities:

3 ¢ 3 >¢ g
Co‘,sq“-]f{?é(g—a—a +-a—z(§-a—z— }ds = -fg;:&k

c

where n is the normal to the contour ¢.
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The velocities induced by an elementary horseshoe vortex in the
Trefftz plane are found by taking the limit as x —e oo
: . Co, 85, X mml$-95)
V'r = Al 4 PPN [Ript"‘}
X = 00 w ¥ R
Ce $s, R
= ADam. -
4rr? (P- 9
and also
Ceé&S
v = —_— .__'__° Ceod -
5, pomrlll G D
Cp &S o
§ = - =272 Ann(9-
. — (4-4,)

elementary horseshoe vortex

For two elementary horseshoe vorticies (doublets) the velocity potential is
the sum of the individual velocity potentials

¢, + &,

Co, S, = -J (g + fé){ -Z—ii +a&}o\&
<

om

The interference drag between doublet J, and doublet 3 is given bY'

Co,_S,., o] {a Zeag 2R

The contour ¢ will be chosen to be a small circle around each doublet.
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Consider the integral around elementary horseshoe vortex 1 for P <

$ =
V., =
On - c Lo,.,‘_ _aia_
' p»o am
Therefore,

p-+o

<,

- |8 32

elementary vortex 3

¢, , contour of integration for line integral

CP. SSI

- At (¢-4,) $ ki I
4rp ' R o (B9
CP Ss| ° CP Ss o
—_— A - = —_2 2 Rrm -
CF SSS
Vg = - ——= -
8 LA cet (0-6)
. Ce, S,
Ymred

{ A, (4t -9,) ced ($-Tr-ot) —.M(Trwt-?_,)b?a(#-ﬂ-d)}

cp.‘ SSJ °
-—:;;" Aam ((4'&) *(¢3—“)]

2w

[CosslCe 85s) [ ° '
(4m) e JMG-MM[W“M%-‘)}%

o

(ce, 85,10 <, 85,]
- 6 Try? Cod [(4,-2) +(¢y-=)]




n

To evaluate J §3 -:—i‘ d2 = J s 53 V, 4¢
CI

o

we again choose a contour by letting p=e°

Note tuat 2 . e
P v = Y, + 2pPrced(¢-x)
¥ AR~ LT -(4-x) - ¥]

r -

As P—-—o:

H—r[ l-‘é Coa (¢ -at) ]
" . ° ov
M(9'¢_‘) = Aa-\.(TTfet—¢3~'P) — M(T\'q.gg-{j)_r M(“"-é.\)[-a_f;]r
—  Am (TTeot~¢,) - ; M(W+4-¢J)A&~(ﬂ_++d)
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Ce, $S, p . o .
f*" T Snr [l T _“6(9)-*)][ A (=) + = M(ﬁ"‘)*“‘(é“)]
C Ss ° [ o
! v;w.‘ { Al (9y-t) + = [ Cod($ -x) A4 + M@-‘)m(t‘*,]}
Cc S - P °
c - P;S 3 { M(ﬁ,-d) + — M[(¢-4)+(¢°-¢)]}
e v
Therefore as p—o
2w
3; [CPlssll[cP_‘Ss_,] ° o
' —_— - RArn, - - B -f,)d
J §.3 o A& (amrvr)? [(¢ ")"’(#3 “)] $ +

c o

(ce, 85,1[ cp, 85,]
= - . 2 Cod - -
p [ (4 -=) +(&,-))
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The vortex drag is thus

Cnvs

om

C'OC,J

{cr 85,10 <p, 88,]

3

4mre?

whicn is the result given on page 35.
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RESULTS

Analysis of the spanwise variation of leading edge thrust using the
linearly varying vortex finite element code of Appendix I is presented in
this section. The numerical solution has been compared. $o0 analytic results,
where gvailable.

The calculated spanwise distribution of thrust for a highly swept cranked
wing at incompressible speeds is presented on figure 2. A strong suction
peak exists at the leading edge discontinuitv. %Weakening of the singularity
requires cambering of the wing in this region or elimination of the break in
the planform.

The calculated spanwise distribution of thrust for an aspect ratio 2.5
wing with a leading edge sweep of 63.4° and a taper ratio of .23 is presented
on figure 3 for several Mach numbers. Trapsonic and supersonic
conditions at an angle of attack of 1 radian are shown. The M, = 2.0 case
corresponds to a 3.4° subsonic leading edge. A comparison of the numerical
result with the exact analytic solution” is presented at supersonic speeds.

- C,(a)c 2 T Y1-mt 4 . X wof1-mt
Cf(ﬁ) = _— z o : = -Eo( AR _—'——1 7
Cuq [E'(m)] c!vc [E( )]
where . = i '7 . _‘:_l_
T ip
T T
P = Mg - T= 2

To illustrate the entirely different leading edge suction distribution
on a planform with forward sweep, the results for the same planform in
reverse flow (referred to as M oo = -0.90) are presented in the same figure.
Although the suction values obtained by the program are qualitatively
correct, better agreement is desired. The descrepancies are felt to be due
to the problems associated with the pressure distributions obtained with tne
spanwise linearly varying panel. 1In most cases the boundary conditions can
be satisfied exactly at all control points only at the expense of a con31derable
degree of 1nstab111ty in the spanwise pressure distribution.

The first attempt to alleviate the spanwise instability in the
pressure distribution involved the use of spanwise constraint functions.
This method sacrificed the boundary condition at the outer control point.
The results, although they were a vast improvement, were still not
satisfactory. Thus, additional methods were tried.
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Figure 2. Numerical Calculation of Incompressible Spanwise
Variation of Leading Edge Thrust for a High
Swept Cranked Wing
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The first method involves using the pressure distributions obtained
from a constant vorticity finite element. Since the calculation of the near
field drag requires only a pressure distribution to be given, no theoretical
problems arise. The second method uses the linearly varying finite element to
obtain the pressure distributions, but places the control point at a small
fraction of the spanwise extent of each panel. The pressures are not strongly
dependent on the spanwise location and a value of 0.15 was found to give
satisfactory results.

There still remain some problems with each method. For planforms with
large sweeps near the kink, the constant pressure panel gives pressure
distributions which are felt to be too high near the leading edge. This
results in negative values of computed leading edge suction in this region.
The linearly varying panel, with the control point at 0.15 span, yields
unsatisfactory pressure distributions near cranks. This problem can be
overcome somewhat by moving the control point nearest the crank to a
point near the midpoint of the panel.

At present the program allows the user to select either constant pressure
panels or linearly varying panels to obtain the pressure distributions. For
the linearly varying panels the fraction of the span for the control point
may be specified and this may be overridden at any span station by specifying
the spanwise location of the control point. Typical results for each method,
when used on the planform shown in figure 3, are presented as the sample cases
in Appendix E,
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CONCLUS IONS

The technique presented in this report permits for the first time the
exact analytical calculation of near field drag at all Mach numbers under the
constraints of linearized theory. The technique permits the calculation of an
influence matrix with elements representing the drag which one finite element
induces on another. The drag may be calculated when the singularity strengths
are known. The method is applicable to either source or vortex finite elements
and can be used on planforms of arbitrary shape which may be nonpianar in the
spanwise direction.

In addition,:the method guarantees the equivalence of the drag as calculated
in the near and far field, because the form of the influence coefficient
shows that the near field drag term changes sign as the influenced and
influencing panel are interchanged.

Although the technique involves analytic integrations,a large number of
calculations are required. Since the computer code was not completely
optimized the computation time required to compute the drag influence matrix
is on the order of ten times the time required to compute the aerodynamic
influence matrix. However once calculated the matrix may be stored and need
not be recalculated if only the twist, camber and thickness distributions

are changed.

Additional problems remain with the instability produced in the pressure
distributions derived with the spanwise linearly varying lifting element.
Although these problems have been largely overcome by relocating the control
point or using pressure distributions obtained from constant pressure panels,
some problems still remain.
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APPENDIX A
TABLE OF DERIVATIVES
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APPENDIX B

TABIE OF TNTEGRALS

¥ = x~-Tgy
7 Tn
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R® -

<S'7)zf (Bt-l)(v["" La)
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APPEND IXC

INTEGRALS FOR THE CALCULATION OF
MUTUAL INTERFERENCE DRAG

All of the quantities required to compute the induced drag are composed
of integrals and derivatives of the basic velocity components induced by
constant source or constant vortex panels.

On page 11 set of velocities
was defined such that :

o
w. . = —_— W, n
..4(31." 3,8) a3 “‘,j(i,“l) 5.8)
o
. . = 8
Wi (3,7,3,8) 27 Wi tE L8

Only 5 basic terms occur in the expressions for the velocity components
for the non-planar source and vortex panels.

The functions will be denoted
by f°; vhere, .
! _ 1 R+(3+7)
fo = T R- (3+7)
t
T v BR+(¥+B7)
‘.F°D - B 2 j.aa bR"(sz"7)
3 - TR '
&OO - 7Z+St
4 - -1 SR
foo - L"\' 57_31
ry IR
+°° = 3 )
RS
with
® ? 2 LI
R = x + p (a+2 )
B?. = _-'r_z (T"'ﬁ,@")
3 = X=-Ta
T = Ta
Vo= Te
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All of the expressions required for the calculation of drag are integrals
of these functions. If we define ‘

*

SRR ISR RS
4 b 1 %

_as-{;'l ;'")-i

2 g

9‘7 L] y9°)

then all of the expressions which are required are such that i+j < &

The integrals and derivatives were computed analytically and the results are.

presented in this Appendix, These analytical results were checked by performing
the differentiations numerically in a computer program. Thus the velocity
components corresponiing to a vortex panel could be-constructed from:

Using the derivatives with respect to T, given in Appendix A , we can show
that ‘

) -3 .
— T W, = () W,
31' X LR YR 4|
'iv = & v
Fr T DV in
Tw, = (e
’ T iy

{1,341

These relations were all verified numerically.
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APPENDIX D

SPANWISE INTEGRATION OF NONPIANAR FUNCTIORS

It is desired to integrate expressions of the form
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Since all of the desired integrals are related to five basic functions,

the integration can be facilitated with the following scheme.
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Then, using the relations given in appendix C,
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However.,the following relations exist between the functions.
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By using the proper choice for o,, a,, o .

in each row of the matricies < and H, a different and more useful pair

of ¢ and H matricies may be derived.
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A linear transformation exists between the vectors
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Also,
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APPENDIX E

POTENTIAL FORM DRAG PROGRAM

PROGRAM INFORMATION 91
INPUT DATA %
SAMPLE CASE 95

PROGRAM INFORMATION

A computer code has been written to perform the calculations needed
to apply the method developed in this report to arbitrary wings. The
code allows the user a number of options through the choice of inputs.
For example, the pressure distribution can be calculated using the linearly
varying vorticity panels or using constant pressure panels. Another option
is in wing geometry; for simple planforms only leading-and trailing-edge
sweeps, root chord and number of panels are needed as input, but for
complicated wings the entire arrays of panel corners may be specified.
The inputs required for the various options are described in the following
-section.
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LO

N 6 R AN

92

INPUT DATA

ALL DATA EXCEPT THE TITLE CARD IS INITIALLY INPUT INTO A SINGLE
LARGE ARRAY. EACH DATA CARD HAS THE FORMAT 112,5F10.5. THE FIRST
NUMBER ON EACH CARD IS AN INTEGER GIVING A LOCATION IN THE INPUT
ARRAY; THE FOLLOWING NUMBERS ON THE CARD SPECIFY THE VALUES TO EBE
INPUT INTO THAT AND THE FOUR IMMEDIATELY SUCCEDING LOCATIONS.
THESE NUMBERS ARE IN F FORMAT AND MUST INCLUDE A DECIMAL PUINT.
LOCATIONS LEFT BLANK WILL REMAIN UNCHANGED.

ALL LOCATIONS ARE INITIALLY SET EQUAL TO O.

THE LAST CARD IN EACH CASE MUST HAVE A MINUS SIGN IN COLUMN 1.

FRECEEDING ALL DATA CARDS IN EACH RUN IS A SINGLE DATA CARD
SPECIFYING THE ARRAY SIZES USED FOR ALL SUCCEEDING CASES. THE
CARD CONTAINS TWO VALUES AND HAS THE FORMAT DESCRIBED AEOVE.
THE LOCATION NUMBER (COLS 1-12) MUST BE 1.

THERE MUST BE A MINUS SIGN IN COLUMN 1

THE FIRST VALUE MUST BE AS GREAT AS THE MAXIMUM NUMBER OF
OF BOUNDARY CONDITIONS IN ALL SUBSEQUENT CASES OF THIS RUN.
THE SECOND VALUE MUST BE AS GREAT AS THE MAXIMUM NUMBER OF
PANELS IN ALL SUBSEGUENT CASES.

THE FIRST CARD IN EACH CASE CONTAINS THE TITLE

C VARIABLE DESCRIFTION
SET THIS LOCATION TO -1. AFTER THE LAST CASE TO
TERMINATE THE RUN
N THE NUMBER OF PANELS IN THE CHORDWISE DIRECTION
M THE NUMBER OF PANELS IN THE SPANWISE DIRECTION
MC THE NUMBER OF CONTROL FOINTS IN THE SPANWISE DIRECTION
IF 0. IT WILL BE SET EQUAL TO M
NDRG =0. THE NEAR FIELD DRAG IS COMPUTED
<0. NO NEAR FIELD DRAG IS COMPUTED
SYM 0. SYMMETRY ABOUT Y=0. IS ASSUMED
.NE. 0. NO SYMMETRY
INFL 2 COMPUTE BOTH AERO AND DRAG MATRICIES AND STORE
ON UNIT 11

1 COMPUTE NEW AERO MATRIX, READ DRAG MATRIX FROM
UNIT 11, THEN STORE BOTH ON UNIT 11
0 COMPUTE NEW AERO AND DRAG MATRICIES
-1 USE AERC AND DRAG MATRICIES FROM THE PREVIOUS CASE
-2 READ AERC AND DRAG MATRICIES FROM UNIT 11
-3 COMPUTE AERO MATRIX AND READ DRAG MATRIX FROM
UNIT 11 '



12

14
19
20

22
2

101
102
103
105
108
109
110

111
112

113

114
117
118
119

121

100

IWPRNT
INTMED
INFFPRT

ND
MD

CENT
SPAN
ALFHA
MACH
CAVG

SREF
SWEEPL

SWEEFT
ROOT

RATIO

RATIOY

Z(J)

IF 0. LINEARLY VARYING PANELS ARE USED TO COMPUTE CP-S
IF >0 CONSTANT CONSTANT FRESSURE PANELS ARE USED TO
COMPUTE THE PRESSURE DISTRIBUTION
IF 0. THE DOWNWASH VALUES ARE NOT PRINTED .
VARIOUS ORDERS OF INTERMEDIATE PRINTOUT (-1. TO 2.)
-1. LEAST PRINTOUT
2. MOST PRINTOUT
=1 PRINT THE DRAG INFLUENCE MATRIX
=2 PRINT THE AERO INFLUENCE MATRIX
THE NUMBER OF CHORDWISE LOCATIONS OF CAMBER INPUT
THE NUMBER OF SPANWISE LOCATIONS OF CAMBER INPUT

1. CONTROL PCINT AT PANEL CENTROID
CONTROL POINT AT PANEL CENTER OTHERWISE

SPAN, ANY CONSISTENT SET OF UNITS MAY BE USED. THIS
VALUE IS NOT USED IF LOCATIONS 161 TO 161+M ARE USED

THE ANGLE OF ATTACK IN DEGREES. THIS IS IN ADDITION TO
ANY CAMBER DISTRIBUTION

THE MACH NUMBER

THE REFERENCE CHORD LENGTH (IF 0. AN AVERAGE CHORD

THE REFERENCE AREA. IF 0., SREF=CAVG#SPAN

THE LEADING EDGE SWEEF IN DEGREES. THIS VALUE IS
IGNORED IF 112 IS .LE. -1., WHICH MEANS A PLANFORRM
SHAPE IS TO BE READ IN.

THE TRAILING EDGE SWEEF IN DEGREES

ROOT DIMENSION OR CHORD LENGTH ALONG THE SYMMETRY AXIS

<0. THE PLANFORM SHAFE IS READ IN FROM 241-320

=0. THE ROOT DIMENSICON IS COMPUTED USING THE SPAN AND

LEADING AND TRAILING EDGE SWEEPS TO MAKE CAVG=1.

>0. THIS VALUE IS USED TO CALCULATE THE GEOMETRY

THE CHORDWISE CONTROL POINT LOCATION. IF 0. DEFAULT IS
0. 950 FOR MACH > 1.
0.875 FOR MACH < 1.

THE SPANWISE CONTROL POINT LOCATION. IF 0. A VALUE
BASED ON LOCATION 101 IS USED.

STARTING CL FOR DRAG POLAR. DEFAULT = O.
ENDING CL FOR DRAG POLAR. DEFAULT = 1.
DELTA CL FOR DRAG POLAR. DEFAULT = .05

Z VALUES AT THE Y COORDINATES
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161

201

241

281

321
341

401

94

Y (J)

YC(J)

XL<d

XT(h

XpdaI)
YB(J)

Y COORDINATES. (IF ((Y(2)-Y(1))#u24(Z(2)~-2(1))#%2) IS
0. THE SEMI SPAN IS BROKEN INTO M EQUAL SEGMENTS)
THERE MUST BE M+1 VALUES INPUT

Y COORDINATES FOR THE CONTROL POINTS. THESE VALUES
MUST BE INPUT IF MC > M IF MC=M, NONZEROC VALUES
WILL BE USED TO OVERRIDE VALUES BASED ON 114

THE LEADING EDGE COORDINATES AT Y<(J)

THESE VALUES ARE CONSIDERED ONLY IF 112 IS < O

XL<1) CORRESPONDS TO THE COORDINATE ON THE AXIS

XL(M+1) CORRESPONDS TO THE COORDINATE AT THE TIP

ANY VALUES WHICH ARE EXACTLY 0. WILL BE CHANGED

TO MAKE THE EDGE STRAIGHT BETWEEN THE TWO
SURROUNDING NONZERO VALUES.

THE TRAILING EDGE COORDINATES. SAME FORMAT AS 241-280

THE X/C VALUES WHERE THE CAMBER IS INPUT. SEE 22
THE Y VALUES WHERE THE CAMBER IS INPUT. SEE 23

THE VALUES OF DZ/DX FOR THE CAMBER.
401 TO 400+ND ARE FOR YD(1) AT XD(1) TO XD(ND)
401+ND TO 400+ND#2 ARE FOR YD(2) AT XD(1) TO XD(ND)
THESE VALUES ARE INTERFOLATED TO OBTAIN THE BOUNDARY
CONDITIONS AT THE CONTROL POINTS.



SAMPLE CASES

This section present samples of the input and output of the computer
program which is used to calculate the spanwise variation of drag due to lift.
The planform used for the calculation had a straight leading edge with a
sweep of 63.435 degrees and a straight trailing edge with a sweep of 45°,

The Mach number was 1.30 and the paneling scheme used 10 panels spanwise
and 8 panels chordwise. (see figure 3). The planform has no twist or
camber and has an angle of attack of one radian.

There are two cases presented. The first uses spanwise linearly varying
vorticity panels to compute the pressure distribution on the above planform
vhile the second case uses constant pressure panels to compute the pressure
distribution. The linearly varying panels have the control point placed at
0.15 of the span while the constant pressure panels have the downwash placed
at the centroid. The pressures obtained by the constant pressure panels
are interpolated to the panel edges using a curve fit subroutine.

4 sample input for the first case is presented on pages 97 and 98. The
program output begins on page 99.

Calculated geometric characteristics of the planform are presented on
pages 100 and 101. The coordinates of the leading and trailing edges
and the resulting chord dimensions are printed at the y coordinates of the
panel edges and at the control points.

Page 102 presents the Cp values at the inside leading edge of each
panel using linearly varying vorticity panels.

Page 103 presents the integrated loads at each span station (linearly
varying panel analysis) as well as integrated loads for the entire planform
where

Y is the span coordinate of the panel midpoint
CN(Y) is the CI*C/CAVG at the left edge of this row of panels
cL(Y) is the CL*C/CAVG for this row of panels
XCP(Y) is (x/c) value for the center of pressure at this span station
cD(Y) is the CD*C/CAVG for this span station

cpo(Y) is the zero suction drag for this span station obtained by
multiplying the CP value times the control point downwash

CT(Y) is the leading edge suction for this span station obtained
from CDO(Y) -CD(Y)
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Page 104 presents the calculated drag polar. A comparison of the
calculation and the exact analytic results for the spanwise variation of
leading edge thrust is presented on figure 3.

The results of a second sample case using the constant vorticity panel
analysis on the same planform are presented on pages 105 through 109.

The downwash presented on page 107 represents the downwash obtained
using a linearly varying panel influence matrix, with the control point
located at the centroid, and the pressures obtained using the constant
pressure panel with the control point also located at the centroid.
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PROGRAM CODE

The complete program is available from COSMIC (Computer Software
Management and Information Center, 112 Barrow Hall, University of Georgia,
Athens, GA 30602) as Potential Form Drag Program, LAR-12236. The program
subroutines, and their principal functions, are summarized in the following
table in alphabetical order. ‘ L

SUBROUT INE
AAMATN
AIJKIL

AMTX

CAMBER

COUNTV
DECRD
DISPLY

DRGMTX
DRAGO1

FMTX

F2F3

G@MTRY

HSHLDR

INTRP3

IATTCE
LIFT
MAIN

MATRXF

MIXMLT

PLNFRM
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FUNCTION
Controls program flow
Calculates the vorticity panel influence coefficients

Reads the main aerodynamic matricies on or off of the
disk units

Interpolates the input camber to obtain the boundary
conditions

Computes the elapsed CPU time for a given program step
Subroutine used to read the input data
Prints computed pressures and downwash

Controls the main flow of the drag influence coefficient
calculation

Controls the near field drag influence coefficient
calculation

Computes various interpolation coefficients for camber etc.

Computes functions F2 and F3 in the near field drag influence
coefficient calculation

Computes planform geometry

Linear equation solution routine using a least square
solution if there are more equations than unknowns

A third order curve fit subroutine

Subroutine for planform geometry printout
Computes planform 1ift, moments and drag
Sets up the structure and size of the main arrays

Routine used to print computed arrays of pressure
coefficient, velocities, etc.

Multipliecs matricies

Computes some program geometry




SUBROUTINE FUNCTION

POIAR - Computes the O and 100 percent suction drag polars

RL¢CX Computes R and Fl between all panel corners for the near
: field drag computation

TIMERV. Computes the elapsed CPU time for a giver program stép

TRAPZD . Obtains the Cp Aistribution using constrant- pressure

panels
VIXDRG Computes the vortex drag using a Trefftz plane solution
VEICTY Calculates Fl1, F2 and F3 for the vorticity panel

influence coefficients

WVEVTX Calls the roﬁtines to perform the drag calculations
and stores the results on disk units
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