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ABSTRACT

The computation method developed in this thesis proceeds
from the theory developed by Jones [Ref. 1]. His final
equations are first rewritten in matrix format. They are
then organized into computaticnal seguences that may be
translated into computer programming language to calculate

the aerodynamic parameters of wings of arbitrary planfornm.
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I. BACKGFQUND

The cverall research of whicl this thesis formrs a part
has a three-fold purpose. Firstly, it is intended to
instruct thke student about the fundemental equations that
govern the aerodynamics of wings in incompressible flow.
Secondly, it teaches the student how to convert the funde-
mental equations into a form suitable for numerical calcula-
tion on the digital computer and to carry out the complex
programming required for this [furpose. Thirdly, once the
first two objectives have been accomplished, the computer
program itself provides a useful pedaygogical and design tool
for illustrating the effects of various wing design parame-
ters cn the final aerodynamic performance of a wing.

Lecdr. J. L. Parks made a creditable start toward the
first objective in his thesis [Ref. 2]. However, in the
limited time available to him, he was unable to make signif-
icant progress toward the second or third objectives.

It was evident early that Parks' computational technigue
had some flaws. The expectation was that these would be
readily discovered and soon ccrrected and that otjectives
two and three would be rather quickly and easily conmpleted.
It has not worked out that way!

As the investigation actually developed, a whole series

of olbstacles were encountered and each was in turn eventu-

ally overcore. But the process was neither quick nor e€asy.
In every case, it was found that the seeming obstacle was
really attributable to some ccnceptual error. Once the

error was found, the obstacle disappeared and the investi-
gator gained a deeper insight.

Among the obstacles that were encountered and eventually
overcome were the following;




1) Confusion akout the proper type of computational
grid to use, whether staggered or unstaggered, how
fine, and so on. We have now settled, for good »
reasons, on an 38 by 8 unstaggered grid over the
semi-span.
2) Confusion about how to deal numerically with the
singularity that occurs in the governing integral »
equations. Ore option 1is to +try to avoid the
Froblem by staggering the grid of the field pcints
with respect to the grid of the control pcints.
Instead of this, we have resolved the indeterminacy »
Ly rigorous analysis ard as one consequence, are
able to employ a simple unstajgered yrid.
3) Confusion about how to evaluate the partial
cderivatives of the «circulation function, whet her ’
analytically or by finite difference formulas. It
was found that analytical differentiation is incor-
rect and that finite differences must be used. . )
4) Confusion about the validity of representing the ’
circulation by a Fourier series. While thkis proce-
dure is widely advocated in the technical litera-

ture, we found that a uwmuch simpler and clearer

formulation can be obtained otherwise. ’
5) Confusion about the boundary conditions. Special
conditions apprly to the 1leading and trailing edges,
the wing tip and at midsran. These quite corm}lex
Loundary cornditions have now been fully and rigor-
ously analyzed and incorporated consistently into
our Zormulaticn of the jfroblem.
1t is «cvilent from the foregoinj discussion that this
tescruch ke amounted to a majcecr education in basic aerody- 1
nami- v aund in numerical mcthods. In these respects it has
teen a deeply rewarding experierce. However, in view of the

for: joing obutacles and problems, the time schedule has of
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course been greatly delayed frcem that which was initially
anticipated. Thus there are nc final numerical results at
this particular stage of the investigation and there is no
more time available to the present research tean. Hence,
this final aspect will have to be completed by some sulsey-
1ent investigators. Nevertheless, what the present effort
has fproduced to beyueath to any subsejuent worker is a
sophisticated and refined numerical method. This methecd lhas
now evolved to the point that it can be confidently expected

to produce a reasonable and accurate final result.




II. INTROEUCTION

This thesis is the develorment of a computational method
for determining the aerodynamic parmeters of wings in incom-
pressible flow, fror the theory developed by Jones [Ref. 1].
In conjunction with Jones' theory this analysis has solved
the froblems requiring further attention pointed out by
Parks [Ref. 2]. Primarily a new approach, defining the
circulation directly instead of using a Fourier series
representation, is employed. This along with a direct
metiod of dealing with the singularities that are encoun-
terod in  tie jJoverning inteyral ejuations when a control
poit and fioid point coincide, allows the computational
Jril for tiose points to be identical. This analysis is
iut »»1ed to complemert that of Jones by taking his final
thenretical e,uations and, where applicable, presenting thea
in mitrix corrmart. The e-quations are then oryanized into a
com:utatioral sequence which can be further translated into
programming language. It 1is expected that a program to
produce those wing parameters described by Jones will fcilow

from this developnment.
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I1X. MATRIX NOTATION

Thouagh e7uaations using subscripted wvariables are a
vrivtary method of portrayinyg matheamatical relations, it may

zo woasler to visualize what 1is happeningy in those egquations

dner Yhay oo written in matrix format. In this chapnter
*L> 1 eauati wmz of reference 1 which lend themselve to this
type of notation are rewritten in matrix format. The

subscripts (inlices) i,j,k are described for the wing in the
o lane ¢35 shown in figure 3. 1.

It will Le convenient at pany points throughout this
rresentation to transform two dimensional mpatrices into
vectors and conversly vectors into two dimensional matrices.

For doing this the fcllowing sytolic relations are defined;

BMUENIN
T exg ! Exy (4l

figa:o 2.1 a5 1t is drawn represents a two dimensional
mat:-ix with ilices (J3,I) and the index K shows the relation
of a column vector that has been transformed into a matrix.

The inverse operation can also te deduced from this figure.

A. CIRCULATION AND PRESSURE REIATIONS

The following equations are the general «circulation
derivatives and pressure relaticns. Those equations taken
fronm vefevr.nce 1 are noted by their e juation number preceded

ty -0 lewtv; 7. Therefore (J6.8) becomes;

% \ -
= =2
K):/_: | s ’; (3-2)
J ax g G4x |

Similarly for (J6.9)

11
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Swes = ([B)-[VI) T}

(3.€8)
yxi Gy by Ixed conl

By lefining two new matrices [A. and [B] as folliows,

A=A (V]

Cx b Coxed bqxed (3.69)
(p]=[Rr"]-[v
(3.70)
eYx6H 69x64 CY¥xby
the final wing slope functions can be written as
{\A/pg:[/‘\] {F} (3.71)
&yxl 6¥x6Y  Gdxl
for the additional lift, or as
{WP%:[B]{FE (3.72)
6¥x | 6Yr6t  Lyx!
for the tasic lift. The additional 1ift egquation can be
inverted ass follows to be used in later calculations
(.. -1 -
H ? - [AJ g\”;; (3.73)
word Crnod crxl

25




[Q]: [H][E} (3. 64)

bax & CYxy  gxy
Now arother matrix can be defined which shall be termed the
V matrix. Matrix V is a partitioned matrix, which is

divided into three parts as shown in figure 3.6.

[ |
| |
| |
E !+27
V9 i 9 C
| |
| |
| |

| 6IxX4s

Figure 3.6 Matrix V.

Therefore the final form of the integral equation is,

i d=[v]ird (. 65

GrRi 6¥xbY 6%

3. Final Wing Slcpe Functic

The two relations for Wp' and Wp" can now bC super-
imporsed to jive the final equation for the wing slope func-
tio:. Fron  (J7.2)

. ) )",/ /"
§‘4~§ ) .pg + g\%uj (3.66)

{
sl Y C¥xl

After suls*ituting the relations for dp' and Wp" and simpi-

fyi.i, tie ejrations tecone

ARIEONN

Coxl 9k &y aky XTY]

24
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}_”f’ [BJ{FJ (3.57)

6Yx6Y  6¥xl

Syul

2. Secord Wing Slope Function

The 1inteqral equation for the second wing slope
function (J7.25) is
7

2
! ]
Wp = ZWR/ [(7 7,) )] F de (3. 59

This equation requires only the derivative of the circula-

tion function in the © direction along the trailing edge.
Therefore a relation involving the same E matrix as before

can be utilized. By defining a function

(3.59)

H(ke, 4) = TR ((77 %) (702,))

equation 3.58 can be written in index notation as
8
Wi (kp) :Z H(hf’,;) [or (;) (3. 60)
7

In matrixz notation it becomes

3= [H)EES

69xl 7!5’ 8Xl

Equation 3.42 can be substituted for [er and the equation now
kecomes

(3 =[10E]

7Y gx& gxi
Then substituting equation 3.44 for [7 gives 1

F( ) r‘(s ]
{Vfﬂj =[H ILE] (‘ze ra,e) & )j (3-63) ]

¢ixl s §x5 f(é‘/
£x 1

For canveni-nce an addltlonal matrix is defined as fcllows,

23
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PP

+ S(he, bot )E' (Roei ko)
+ S (kp, hae2) E' (ka2 ko) (3.53)

The <alculation of [A'] and [B*' then is

A ‘(hr’/ ia) = T ke, ko-g) DX(kq-s, k)

+ T (ke ha)D.(ka, ko)

+ T (RP ka+s) Da(ha+s, ke)

- S(kp kho-1) E( ko, ke)

-5 (ke ko )E" (k@ ko)

=S (kp karl ) E"(kRo+l, ko)

-S(kr ke2) E"(ko+2, ko) (3.54)
B'(keka) = T( ke bo-8) D(kq -5, ko)

+T (ke ko) O (4o, k)

+T (Re RG18) Us(kG s ko )

~S(ke ke-1) E(ko-1 ko)

-S(Rp k@)E"(ka, ko)

-S(kp, ko+1) E(kGet, ko)

~S(heko<2) E* (kg2 ko) (3.55)

The various factors that occur in the above ejuations take
on definite numerical values if and only if the indices KpP
and K¢ are first assigned definite numerical values. when
this 1is done the above eguations define the value of a
sinjyle element of either [A'] cr [B']. The matrices [A']
and [B'] can be stored as two 64 by 64 arrays. So the
matrix equations for the first wing slope function are, for

the additional and basic lift cases, respectively,

(il [A L (3. 56)

64xl 6Yx6Y  gyx|




S(kp k) = SERE[AH T [Gsmo )

the integral equation can be written in index notation as

\A//(kf):(ZZ(T<knk)0‘(k/ko)-5(kﬂk)f ‘(Mo)p () (3.9

Rz k=l

The  atrix D represents either Da* or Db™ whichever is

approgriate. The elements of Da” and Db* are shown in tatle
1 and those of E™ in table 2.

To make the distinction between additional and tasic
lift the following twc matrices are defined

A\ (ke ko) :jr (T("ﬂ‘)Da*(k,k@)‘SMﬁ’2)5'(’?/ ke)) (3. 49)

43

[ <"

y —_— % |

B'(kpka)= ) (T(kp k)D2(K, ho)-S(he K)E'(RRG)) (350
k=1

The above caculation for [A*'] and [B'] is simpler than the

64 by 64 wmultiplications indicated. If one uses tables 1

and 2 the products are simplified to,

[3

-

- T(kf’/ h) D; <k/ kO) - r(kf’, ke-&) D:(k@'g; kG’)
| + T( kp,ha) DX (Ra, ko)
+ T kp, haes) D2 (kaes ko)~ 3-51)

x>

o
{\: T(kf,h) D;(h, kg) = T(hkp, ko-§) Db’(ka-s; kq)
+ T ke ko) DF (RG, ko)
+ T(Rp, k@eg)/_)‘*(kmg/k@) (3.52)
¢4
2_: S (i k)E*(k k) = S, k) E* (et o)
‘ * S(h/)//?a)E*(kQ,iZO)

21




[ $)msal= R (6)-20(7)«2(7(8)] (3.41)
This set of ejuations can be written as a single matrix
equation

Ere"rj [E]g g (3.142)

Eat

This E matrix is the same as the one described earlier in
figure 3.4. From equation (J7.15) at the trailing edye

i) ==z T(57)+ Bl 48) (3-43)
Rewritten as a vector egquation
(49 rs7
g 3 ST S 27 { :
[75 = 26 (r(se) M(e) (3. 44)
1 §x I gFxl

Notice that of the 64 elements in the [T vector only the last
16 are used.

C. TINTECRAL EQUATION FOR WING SLOPE

1. First! #ing Slope Functicn

The integral equation (J7.24), is restated here as
ejuation 3,45

TE LK (e
we'* 57 f J [[olonels [ g ons E dp 0 -

By defining the following two relations

2 s 00 F
T(hp,k)‘erﬁR 3 2]su\ze (3. 46)

and

20
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on the values +1/24¢ and -1/246. Likewise, there will be
two other points, at locations K=(KQ-1) and K= (KQ+1}, at
which [, takes on the values +1,246 and -1/246. This situ-
atior is illustrated bty the schematic diagram in figure 3.5.

r ———

\"BFQ(KQ"): %_'A’G

te=ko-1
¢
\KGQ-&) =573 =
SJoKe-8)  7ap s ke
K=KQ-5 NCOE Liy(ka+s)= zap
K=KQ ¢!
D -
Lr'g(KQ'l):—

Figure 3.5 Circulation point.

More complicated situations arise if the point Q
lies immediately adjacent to a boundary. In this case the
number of field points having ncnzero values of [gard [e Ray
range from three to five. The details <can be seen from
careful study of the matrices Da”, Db™ and E*.

Along the trailing edge a set of relations for the
circulation function and its spanwise derivative is
regurired. *rom a similar analysis to that used <for the
spatvicse derivative over the wing, the following set of
€qui*ion for the trailing edge is obtaimed.

2 (1= 4a 70+ 31(2)] (3. 39)
[;r(j):zi'—o[‘z“l/:(}")*zlﬁ(;’*’)] §=2,3,...,7 (3.40)

19
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In a manner similar to the r; equations, equations

3.31 through 3.33 can be writter in single index notation

f;(k)i{’é[r(h)*ff(k"/)] k=1,9,17,...,57 (3.35)
[;(h):Aé[:;_‘f(k-,)*‘,;'[‘(k,/)] k=2--7,10--15,...,58--63 (3. 36)
[o(k) 55 %F(k'f)‘Z/"(k-/)*ff(k)] k=8,16,24,...,64 (3.37)

These eyuations when viewed in the vector form are nmuch

neater.
- SN
(ot LESLT 5.3
Tbead (TSN A

The yeneral co>nfiguratiorn of the E¥* matrix along with the
description of its elements is shown in figure 3.8 and tatle
2. Notice from the figure that all of the nonzero elements
of mnatrix E* lie along just four principal diajorals.
Storage carn be minimized by storing [Da*] and [Db*] as 64 Ly
3 matrices and [E®"] as a 64 by 4 matrix, capitalizing on the
large numkter of zeros in each.

It is useful to consider the hypothetical case in
which the circulation function is assigned unit value at an
arbitrary point Q (the 'circulation point') with matrix
indices J2 and IQ or eguivalent vector index KQ, and is
assijned zero values at all other points of the calculation
gril.

The above hypothetical distribution of [’ implies
that cf the many field points (denoted by index K) there
will ke certain ones adjacent tc the circulation point Q at
which tte derivatives [y and [e take on nonzero values. In
the simplest and most typical case where Q does not lie
adjacent to any of the boundaries, there will be two field
points, at locations K=(KQ-8) and K=(KQ+8), at which [y takes

18




2. Spanwise Derivatives

For the derivatives in the spanwise(®@) direction a ,
set of relations similar to those for [gcan be shown. Froa
(J7.17), (J7.18) and (J7.23) respectively

[;(lA =~[F(/A)+3F(2 ")] (3.31)
F(Z' ‘/-‘9[ r(f ) ZF/" ")] 322,34000,7  (3.32)
F(S’ e Ae zr(é <) 2/_'(74) 2(s, )] (3.33)

So that in matrix notation the eguation is,

3= €[]

and the E matrix is defined in figure 3.4.

- 1
+!
| [F]elolo]ojouio
-1 tl
3|0 ]2l jo0o]lo|o}o .
-~ ol
elz|lo|ZT|{o|0o]o}o
-t .
| clojz oz |0o]o]o
= < +
Ae c|jojo|z|o |30 |o :
olololo g o '2’_ o ]
-t
Olojelole |5 |c 1—2' 1
+ | +3
ololofolo 3|25

Figure 3.4 Matrix E.
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E(/,A)ZZ’B[_'ZLF(/}X'/)*ZLF(ZM*’)] i=2,3,...,7 (3.27) |
[s ( Z)I’A@Lo[%r( ,7)“%”715)] (3.28) e
7 vk
for which the matrix notation is;

%[E?L]T+[£¢;]T: [?g]“f (3.29) ’

A 5x§

or solving for circulation,

®
T ..l T T
- [0, (%[)
[r]1= [0 (880 [1]) 3. 0)
2% ¥ x§
with the contents of b shown in figqure 3.3
®
6 |lolojololololo .
Zloi5lololololo ®
02210'2'000
| olelFlo]|S|o|o]e va
: Oooo-'—i’o%’o [ ]
ooooo%o%’
olololojo|o f% ff
E - ®
| . .
Figure 3.3 Matrix Db. s
Notice that the element of Db are identical to those of Da 7
exc:pt for the first two elements of the first row, which g -]
are € and 0 vice 1 and 1/3. e
041
i
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she ¢« tie ceneral configuration and description of the
elenents ir tue matrix Da” are shown in figure 3.7 aad
table 1 respectively. Notice from the figure that all of '
the ncnzero ¢lements of the matrix Da® lie along just three
principal 3diayonals.
Since in  the basic 1ift case the pressure at the
leadinj edye is finite, an additional term appears in the !
equation for the «circulation derivatives. That ternm
involves the second derivative cf ['. Sincelg is zero, equa-

tion (Jo.28) for the pressure at the leading edge is,

535: Fdjerf (3.21)

gxl Xy gx i

or solving for [y,

Eam}: [- ]{H§ (3. 22)

gxt &x8 g x
By taking the elements of both [r,, } and {P,} and placing

them in the first cclumn of the partitioned matrices with '
the same name thusly,

[E’f;] - [{C‘%ﬁ"gl"[sg]] (3.23) :
[R]=[{p3i[0]] .20

gxt gx

the vector eguation can then be written in matrix form o

[E«:gL]‘ 30 ][PL] | (3.25) ]

Now the [y ejuations, (J7.10), (J7.16) and (J7.14) are;

%‘[MJ [ 7,) Ao[éf(,, (3.26)

L
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Note that this equation involves the transpose of both the [
matrix and the [ matrix. A description of the matrix Da may

be found in Figure 3.2.
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. -1 Y
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; U-‘Q!o%oooa

i -1 <1

i - , 00202000
- = {

i Da AP |lelololz|olF oo

! p el

i ol|lo|lololz|o|F (o

. —i

' 00000‘5(}%’

‘ ojoflololojo]|7 }?

Figure 3.2 Matrix Da.

Equations 3. 13 through 3.15 can also be written in a

single index notation.
NOEFAIOEI () 1<K<8 (3.17)
lo (R)= a5 [2T(k-8)+ z[(k+5) ] 9<k<56 (3. 18)
[6(R)=aa[AT(k-8)+ 3 (k)] 57<k<64  (3.19)

In order to get adjacent points in the chordwise direction,
the integer 8 must Le added to or subtracted from the k
index describing the foint as can be seen in figqure 3.1 The

above equations now can be written in matrix notation

Les=[od]ir]

69! 64s b1 Ldx!
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At the leading and trailing edges (J6.15) and (J6.16) are
f ACp);;‘ = A (;) - §P§ (3.9)
: ACp)r= R ZF} (3. 10)
’ §xl
I Generally the pressure equation (J6.22) can be written;
| P-4 [ HDHS'N«’J G-
' Ex§ gx & Ex§
. or solving for the circulation derivative ir the chordwise
4 ($) directicn
[
{ [ AN ~

- o SIN®

: l[qu *[C\“PH \]
@ 3 Bx§  gx§  BXE (3.12)

Be CALCULATION OF DERIVATIVES

1. Chordwise Derivatives

Equations (J7.9), (J7.1€6) and (J7.14) are written in

the index notation as follows
B(j,l):ﬁ[r(],l)“%F(Z,Z)J (3. 13)
’;(],/;):A"E[_’é H}/M"‘)*%r(j/i*/)] 122,3,.4.,7  (3.14)
&(/,8):5[’,’%F(J,7)‘% (], 5’)] (3.15)

This helps to visualize the eyuation in the matrix notation

below
RN
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Az az=2 A= A=4 A=5 =26 L=7T A=¥F |
3"! }Z:/___hicf k=17 - - - R=57
472 k=2 | k=10| - - - - ~ | h=sy
73| k=3 | R=1I - - - - - | k=59
/=4 k=4 | R=)2 - - - - - R:60
7:5 R:S R:’B - - - - - R=61
yo6lhz6 [h=g | - | - | - | - | - |k=g2
#77\ k=7 |R=I5 | - -l - - ~ rees |
r=&\ k=% | k=16 | k=24 - - ~ - |k=¢4
Figure 3.1 Index notation.
3l
< 6 -[— r; 2 [—c—; (3.3)
Z'l 8)(8 (3"/)('
Along the leading and trailirjy edges equations (J6.10)
thrymth (J€.13) respectively are
ol }
‘\a\b /)L ¥ - EQL (3.4)
X!
éﬁ .
(3@/)Tfn g/;zf)) (3-5)
gxl
ATy -
(53957 UopdS G-6)
8x1
2y -
<3¢2 4 {FNT} (3.7)
§xl|
The jressure distribution (J6.14) is
ACp)},;;:P(;'/i): [PJ (3.8)

ghE
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IV. SUMMARY OF KEY RELATIONSHIPS

A. PRELIMINARY CALCUIATIONS

The initial set of calculations to be

performed by the

computer are for the values of those constants which need

only be calculated once. The following equations use only

the input parameters R, A, and the indices i and j.

AD= Ty (4.1)
A6 ="Vle (4.2)
C'= ?ﬁrs?ﬂe (4.3)
C’= E‘*r?% (4.4)

The following equations involve vectors whose indices i or j

go from 1 to 8.

@)= AP(4-2)

| (4.5)
O (;)-06(;-3) (4.6)
£(«): -}(I—Cos(mn)) (4.7)
1 (3)= cos(ey)) (4.8)
Cly)=z ((1+2)-225()) (4.9) 1
)= N- Ee) (4.19) 1

PRI RIY
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@,_(7): O (4.11)

Orlg)= 17 (4. 12)
QT(A‘)r O (4.13)
O (i)= T2 (4. 14)

Indices i1 and j can be obtained from the index k through the
two follewing integer equations

A (h/é) +, (integer division) (4. 15)

1

;‘, k-8 i) (4. 16)

Indices ip and jp can be obtained from kp similarly.

B« CALCULATION OF THE A AND B MATRICES

1. The A* and B! Matrices

Since the matrices [A] and [B3] are the sum of the
{V] and {A']) or [B') matrices, each of the matrices will beo
computed separately and then brought together to form [A]
and [B]. Recall the equations

(A )= [T ]er]-[SIE] (4.17)
o=l [o]-[s[E] .

wherzoe [T, [S], [(D*] and [E*)] have been previously defined.

and

It is convenient to rmake the following variable
definitions

32




A7, = (n- 7}) (4.19)
A772 = (72*7Zf) (4.20)
AX= MDAy, )+ g CpEp (4.21)

\fx *A’Z/ (4.22)
= VAax 4A)72 (4.23)

F = AX —A7z'/a (4.24)
F, = AX’/,UZZ/(,L (4.25)
T(kP,H:CI(%"%?)S/Ne‘ﬂ (4. 26)
S(ke, k)= C /(éﬁz; * %’) 'G—g')S’NW") (4.27)
T (e, ke) = CI(%’)S/NG’(J/’) (4.28)
S (ke kp) = C (/:\E:Z;) Q;g‘f)sl/v Gip) (4.29)
A chi-ck shoull be made to see whether the control point and .

field point coincide. If they do, then equations 4.28 and
4.23 shaZl be used instead of U4.26 and 4.27 The matrices
[A'] and [B']) from eguations 3.%54 and 3.55 are

A'(kr ko) = T(Rr, ka-5) DS(ka-5, ko) ]
+T (ke ko)DJ(ho/lzo) )
+T (Rp,ka+5) Da(kq+s, ka)

- S (ke ko-1) E'(ka-i, ko)

-SCkr kG ) EX(ha ka)

-S(kr, ko+l) E*(ka+l, ka)

-S(ke ha+2) EM( ka2, ka ) (4. 39)
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B'(ke ka) = T( ke ka-6) Dy (ka-5,kq)
+T (ke k@) Di (R, ka )
T (ke kqe$) DE(kqts ha) e
-S( ke kq-1) E(kq-1, ko)
-S (ke kQ)E* (%o, ka)
-S(kp ket ) EX (ka1 Q)
-S(kr hG+2) E’(hat2,ka ) (4.31)

The various factors that occur in the above egquations take
on definite numerical values if and only if the indices KP
and K¢ are first assigned definite numerical values. #hen
this 1is done the above equations define the value of a
sinjle elerent of either [A'] cr [B']. The matrices [A' )]

and [ B'] con be stored as two 64 by 64 arrays.
S. The ¥ datrix

kecall figure 3.6 with the associated equation 3.64

repeated here to provide clarity.

[V ] [[O ].:—igfj:”ﬁgffﬂ (4.32)

by

(222§ 64 K4y
Rl H E . e
[éhi] [6'1-8’J {'rx{r] (8 33) 1

In addition to selected definitions above these additional
Jefinitions are made

AX: = MAR)+C -G (4. 34) "

2 2 ]
ey 2\/AXr MYAY/7 (4. 35) SR
' ]
2
r, ;\/A‘xﬂm& *

(4.36)

- AXr ‘_;Ei
G, =1- H (4.37)
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G,= |- &2
s = o (4.38)
G,

H(kp,j):C“ Arz,*zc"zrg}) (4.39)
H(kp,f):c”(%;) (4.40)

A cicck shoull be made to see whether the spanwise coordi-
rat . coincile, If they do then equation 4.40 shall be used
inste¢ad of 4.39 Then [Q] can be computed

Qlhe, ) =) Hlkp, 3) E(2,4) (4. 81)
?"'I

Now the [V] matrix can be constructed as was shown in figure
3.6. Since the first 48 columns of V are zeros, only the

nonzero elements of V need be stored. These amount to a 64
by 16 matrix.

3. The A and B Matrices

Firally these matrices are superimposed to give the

A arl 3B matrices.

A(hf, k@):Al(kp,kQ)+ V(kf’,/zo) (4.42)
B(kp ha) =B (ke ko)*V(kp ke) (4.43)

This gives the complete A and B matrices, which will be
utilized in the following calculations.

C. MDDITIONMAL LIFT

Tor the specific additional 1lift, as explained in more

deta1l -y Jones [Ref. 1], setting the normalized slope to
-1, Jives
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This circalition can then be transformed by the operation

Jescuribed eqarlier to get

Zf} 5[] (4. 45)

bax! §x

After beiry transposed it can ke used in equation 3.16 to
get the chordwise derivative

"= T T

[!¢J :[’Da][r:l (4. 46)
TaE §x§ Exk

The «corresponding derivative in the & direction is not

generally needed and is not shown here, but has been stated

earlier as egquation 3.34. Now [F;]Tis transposed and substi-

tuted into equation 3.11 to get the pressure distribution.

E’i] EANNITN N (4.47)

Fx§y sxy x&

From this rressure distribution one can calculate the aero-

lynaric corter and the slope of the wing lift curve.

. TI'ASIC IIFT

In the cace of basic 1lift, the pressure distribution is

initially frescribed. From this distribution one obtains;

gfij: -?— \C\][P][\SIN¢\] (4.48)

Fxy &xy Fx¥

and additionally along the leading edje

[Bﬂ]:gj[\c\][ﬁ_] (4. 49)

Fxk Fxy  sx§
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where only the first column of each of the matrices [Fgg and

[P.] 1is nonzero. Then [[,4])] and [r,] are transposed and
substituted into equation 3.30 to jet

7 T (7 G LR T)

The transpose of [[']" is the basic circulation which after
teing transformed into a 64 by 1 vector is utilized in the
following equation to get the wing slope function.

{we3=[B]1r]

The wing slope functicn can then be used to find the varia-

tion in tuae leight of the mean wing surface above the refer-
eLcy vy plane,

37
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V. CONCIUSIONS

From the eguations dJdeveloped and listed in the subnmary
of xey relationships of the previous <chapter it can be secen

that they mey be translated into a computer program which

cal:>i1lates th wing slope function and the lift distribution
of 1.y desigrated wing, A further straightforward extension
of tle anilysis  (not given in this thesis) then fixes the

various aerodynamic parameters of interest such as the slope
of the wing lift curve, the location of the aerodynaaic
center, the pitching moment ccefficient about the aerody-
namic center, the induced drag and the variation in the

Leijht of the mean wing surface above or below the reference
xy plane.

38

RS




LIST OF REFERENCES

Jores, ~C. S5.,A Computational Method for Wings of
Arbkitrarcy Planforu, Aasteér's Thesis, aval
ostgraluate School, CA, Lecember 1984.

Parks, J. L.,Lifting Surface Theory for Hings of
Arlitrary Planfornm, Ingineer's The51s, Raval
ostyraluate School, CA, March 1976.

39

R WY

v W

- iy PP TP PR PP CANE PILI. UL VLI T AT Sl S Sl SR I Wl Wel¥ i) S WU Sl el W) &,A_!L.Ls.l—i
-—ial — e




[ -fiA'-, .

B _ e I

-

BIBLIOGEAPHY

Atbott, I. A. and Von Doenhoff, A.E.,Theory of ~+¥ing
Sections, Dover, 1959

Bertipn, J. J. and_Smith, M. L., Aerodynamics for Engineers
Prentice Hall, 1978

Glauert, H.,The Elements of Aerofoil and Airscrew Theory,2d
ed., Camkbtridge UniveIsity Press, 1983

Ketter, _R. L. and _ Prawel jr., .S. P. Modern Methods of
Engineering Computation, McGraw<nill, 1969

Kuethe, A. M._ and _Chow, C.-Y., Foundations of Aerodynamics:
%g§%§ of Aerodynamic Design, 3a €d., ~John AiIey and Sons,

McCormick, B. W., Rerodynamics, Aeronautics, and Flight
Mechanics, Wlley,1§79

National Advisory Cormmittee for Aeronautics Technical Report
116 Aagllggtlong of Modern Hydrodynamics to Aeronautics, by
L. bramdtI, 1927
National Advisory _Cormittee for Aeronautics Technical iiote
o, .Ihe ~Calculation of Sran Load Distributions on
Swept-back Wings, Dy W. Mutterpeérl, December T94T -
Eeports and Memorarda No. 1910, The Calculation of
Aerodynapic Loadinyg on Surfaces of Any  Shapé,” by V. o
Falkner, 26 Rugust™ 1933
Regorts and Memoranda No. 2884, Methods for Calculating the
Lirt Distribution of  Wings }Su5§gakg Lifting-Surface
Theory), by H. Rulthopp, January 1950




’ INITIAL DISTRIBUTION LIST )
s No. Copies
- 1. Defense Technical Information Center 2
) Cameron Station | |
h Alexandria, Virginia 22314 '
2. Librarg, Code 0142 2
Naval Pos

tgraduate_School
alifornia 93943

3. Frofessor T. H. Gawain, Code 67 Gn 2
Department of Aeronautics
Naval Postgraduate Schoo
Monterey, Califcrnia 3

3 Monterey,

Naval Postgraduate Sch

1

943

ieronautics Code 67 P1 1
Monterey, California 943

0
S
4, Chairman, Department of
Q0
93

Lt. Edward M. Barber
FAIRECONRON THREE (YQ-3B
Barbers Point, Hawail 68€2

I1cdr. Christopher S. Jones 1

NAVAIRSYSCOM {AIR-536)
Washington, D.C. 20361

41




M
Z
O

-y

t
_Aay




