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FOREWORD

The analyses and computations in this report mere performed by

Henry W. Wool.ard and Bernard F • Niehaus of the Design Predic tions

Group, Control. Criteria Branch , Plight Control. Division, Air Force

Flight Dynamics Laboratory, Wright—Patterson Air Force Base , Ohio .

Mr. Wool.ard performe d the analyses and selected hand computations.

Mr • Niehaus developed and applied the digital-computer programs and

perfor med selected hand computations. The work reported upon was

performed in supp ort of Work Unit Number 82190120.
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ANAI!SIS SYMBOI.S*

a exponent for a basic power-law camber line , see Eq. 36a

see Eqs . 5— 1 0

Fourier coefficient s for the tr ailing jet—sheet vorticit y
distribution for a singularly blown flat plate , see Eqs. B—9 S

b wing span

see Eqs. B-b

B~ Fourier coefficients for the trail ing jet -sheet vortic ity
dist r ibution for a regularly blown flat plate, see Ref. ~

c airfoil chord ( taken as c = 1)

flap chord

Jet—momentum coefficient, ~tj /~~~C

ct lif t  coefficient, +

S c~~
) interference lift coefficient , c t, - c~

0) Ac t,

c o) lift coefficient without jet— flap blowing, i.e., for unblown
airfoil

ct, lift—coefficient partial deriva tive , ~~~~~~
S ct, lift—coefficien t parti al derivative , ~ot,f~8

ct, lift—coefficient partial derivative , ~Ct,/~~
ct, lift—coefficient partial derivativ e, ~Ot,/ ~ t(.~
c pitchi ng-moment coefficient about the leading edge , positive

15 f9r a ~.,down moment (also see alternative definition below) ,
~~o) + cin in

S c quantity defined by Eq • B-i l (also see alternative defini tion
St above)

interference pitching moment coefficient , 0m - 4°~ 
AO~

*Compute r pr ogr am symbols are listed in App endix G.
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ANAI~S~~ SYMBOLS (Contd )

moment coefficient wi thout jet-flap blowing, i.e., for unbiewn
S airfoil

moment—coefficient partial derivative, ac /~ct

moment-coefficient partial derivative, ac /as

moment-coefficient partial derivative, sc /at

c pressure coefficient, (p - p~)/q~; for small perturbations,p c~, = -2u ’/TJ 0

Fourier coefficients for the trailing jet—sheet vorticity
distribution for a power-law cambered Jet-flapped airfoil
at zero angle of attack and zero jet deflection (i = 0),
see Eqs. 49 and 52

d~ see Eq. B—i l

S D Fourier coefficients for the trailing jet—sheet vorticityn distribution for a regularly blown mechanically fl apped
airfoil at zero angle of attack , see Eqs. 5—1 5 and 5—19

influence function coefficient in quadrature method, S

see Eqs. C—I and C—3

e15 defined by the generalized set of simultaneous equations ,
where the coefficients E~ , em, ,nd

n=O
m a y  be those corresponding to ar~y- one of’ the boundar y-vain.
problems corsidered in this report , i.e., E may be A , B~, C~ ,
Dn~ E , etc . along with the appropriate anaLi~ytical re1

~ation for
e15 ai~ f11~ (used principally in the computer program)

B Fourier coefficients for qu adrat ure-method influe ncen coefficients , see Eq. C

f see e above and f below
15 15 in

f see Eq. B-20

see Eq. 51
5 P see Bq. 42

g’(x) nondimensional vorticity distribution along th. trailing jetsheet, g’(x) = ‘*(x)fU~c S

lx
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ANA IXSIS SYMBOLS (Contd )

115 see Eq. 50

h maximum camber height, see Fig . 2

S see Eqs. 13 ~th 28

(Hn ) LE see Eqs. 28 and 30

see Eqs . 28 and 31

(Hn )
~~ see Eqs . 28 and 32

It, see Eqs . 3—4

see Eqs . B-6 and B-7

see Eqs . 26 and 29

see Eqs . 29 and 33

~~~(c) see Eqs. 29 and 3L1.

S see Eqs . 29 and 35

j  see Eq. C—2

see Eq. D— 12

see Eqs. i~4

see Eqs . 3—8

see Eqs .D-lO , D-l~1, fl-22 , and D-26

~th collocation point, in = 0,1,2,..

S ~o’~i ’— — see Eqs. D-l i , I)-l4 , D-23, and D-26

S momentum flux per uni t span within the J.t sheet

M degree of polynomial for a polynomial camber line, see Eq. 37

N total number el collocation points (
~tlso total number of

simultaneous equations) S

S 
fl summation index, ii = 0,1,Z ,_ - —

x

S — •~~S 5 5 5~ j(pSS S

S 
S

_ S ~ S 55 S~~ ~~~~~~~~~ S •S~ —• ~~~~~~~~~~~~ ~~~~~~~~~~ £ 5 5 5  -— _ _ _
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ANAV (S~~ SYMBOLS (Contd )

p static pressure S

freestream dynamic pressure, (p/2)TJ~,

S 
ra see Eqs . 36c

S S see sq. C—6
S 

S wing area

SA see Eq. 23

Sfl see Eq . 21i

I s influenc e coefficient for quadrature method, ~
2Sfl/~~

2
~ see Eq. 27

T aircraft thrust
I

u ,v local velocity components , resp ectively paralle l and
perpendicular to the freestreain velocity

local perturbation velocity components , u ’
~~ u - U (D , v’=v

freestream velocity

S t( (x) unit step function;j( (x) o for x<  O,’~((x)~~i fox x > 0

S W aircraf t weight

x,y rectangular coordinates, see Figs . 2 and 3
y airfoil camber line ordinate

X [1 — (i—x)*J/L 1 + ( l —x ) ~J

angle of attack 
S

~ZL angle of attack at zero lift

“equivalent” Fourier coefficients f or quadrature method ,
see Eqs. lO and l l

I vorticity

S 

“cr

r

__ S.
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ANALYSJ~ SYMBOLS (Centd)

8 flap deflection angle , see Fig. 10

Act, interference lift coefficient, e~ — ~~o) 0(i)

ACm interference pitching-moment coefficient, c
~ 

- c1~°)E ~~~~

— D~ , see Eq. 12

AS SA~~SD, see Eq 22

11 dunui~r variable , see Eq. 38

B local camber—line slope (also see below)

e polar coordinate defined by x = ( ~~) ( 1 + c o s 9 ) f o r  0 < x <  1 ,
see Eq. B— i6

K camber ratio , h/c

dummy variable along abscissa x, see Figs. 2 and 3
location of flap hinge point, ~ = (~ )(1 + oosZ)

pivotal points f or quadratic function approximation in an
infinitesimal region at the airfoil leading edge ; 0 <
and

pivotal points for quadratic function approximation in an
infinitesimal region at the airfoil trailing edge; 

~2 < < 1
and 

~2 1

p fluid density

jet—sheet deflection angle at the airfoil trai ling edge ,
measured relative to the airfoil chord line as depicted in Fig . 1

polar coordinate defined by x = cos’2 (~ /2) for x >  1 , see Eq. 45

cPm inir /N; m = O ,l ,2,... -

X polar coordinate of flap hinge point, defined by g = ( ~~)( 1 + cos X)
S 

( )~ denotes the airfoil, leading edge S

r ( )~ denotes the air foil traili ng edge

( ) ,~~~ denotes the trailing streamline (i.e., the jet sheet for the
S 

blown fLow case )

xli
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SECTION I

INTRODIJcTION

The most coms* nly proposed application of the jet—flap principle to
date has been to jet—augmented mechanical flaps for use during the take—off

and landing flight phases of aircraft. For this application, the lift

coefficients achieved are very high and the rele.tive lift contribution

due to camber—line jet—sheet interaction is negligible. Recently 1 studies

have been conducted on the aerodynamics of pure* jet-flapped wings at high

subsonic and transonic speeds (Refs . 1 and 2). Motivation for these

studies is the possible use of pure jet—flapped wings for maneuvering

S combat aircraft at high speeds. For pure jet—flapped wings at high speeds,

the camber—line jet—sheet interaction, although small in absolute magnitude,
can be a relatively higher fraction of the total lift than in very—high—lift

applications and should be taken into account in some instances. Because

Of previous emphasis on very high—lift applications, little attention has

been given to the analysis of camber—line ef f e c t s .  Other than a very

limited investigation by Woolard (Ref. 2), the sole in—depth treatment of

camber—line effects appears to be that of Hough (Ref. 3) ,  who formulated

sri analysis for a polynomial camber line, but provided specific numerical

results only for the parabolic shape. There is a need for a prediction

capability for arbitrary camber—line shapes, since the parabolic camber

line is not necessarily the best one for high—speed applications.

The analysis herein is a small—perturbation one with the obvious

restriction to small, flow disturbances and the attendant results that

flow solutions and boundary conditions ar” linearly superposable. Hence,

the flow about an arbitrarily shaped jet-flapped airfoil may be obtained

by appropriate addition of jet—flapped—airfoil solutions for a regularly

t

That is , a wing employing trailing—edge jet blowing alone , unassisted by 
S

mechanically deflected flaps or ailerons. S

1

—~~~~~~~~~~~~~~~~~ S’ S~~~~~~~~~
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blown* flat plate at angle of attack (Fig. la ) ,  a singularly blown** flat
S plate at zero angle of attack (Fig. lb), a singularly blown cambered plate

at zero angle of attack (Fig. 2), and the solution for the flow about an

unbiown symmetrical airfoil at zero angle of attack. To the order of

linear terms in small perturbat ions , airfoil thickness does not influence
the vorticity distribution nor the associated lift and pitching—moment

coefficients. The local surface—pressure coefficient is affected, however,

and is the sum of contributions due to the vOrticity and thickness

distributions. In view of the superposition properties of solutions and

boundary conditions, the present analysis is concerned principally with
camber—line aerodynamics on the assumption that the solutions for the

other aforementioned contributions are available in the technical literature.

The regularly and singularly blown flat—plate solutions, for example , are
available in Ref. 1~. The singularly blown solution is given also in an

Aptendix in this report. Solution for the flow about a symmetric airfoil

of arbitrary thickness distribution at zero angle of attack may be found
in Ref. 5. The camber—line solutions obtained herein are, of course ,
limited to camber—height ratios which are small relative to unity as a

consequence of the small—perturbation assumption.

Consideration of high—speed aerodynamics herein is limited to sub—
S critical flight Mach numbers so that the jet—sheet camber—line flow—

interaction problem can be solved for incompressible flow and extended

into the compressible regime by means of jet—flapped airfoil similarity

rules such as given by Woolard in Ref. 2.

In this report the Rough formulation for polynomial camber lines is

further developed (with modifications) into a method designated as the

“Power—Law Superposition Method.” Since it is likely, however, that a

polynomial representation may be inadequate or unwieldy for some camber
li nes , a new method designated as the “quadrature method” is develope~

* Regular blowing denotes a jet sheet emerging tangent to the trailing edge.
S 

**Slngular blowing denotes a jet sheet emerging at an angle relative to the

S 
trailing edge.

2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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to avoid the use of a polynomial. and permit the use of numerically

specified ordinates for completely arbitrary shapes (except for slope

limitations at the leading and trailing edges).

S The quadrature method is the principal contribution of this report

and is the method emphasized. This method is derived from superposition

of jet—augmented , mechanically flapped airfoil solutions (Ref. 6) taken
in the limit as the number of flapped airfoils become infinite. The

approach ultimately yields the aerodynamic properties in terms of integrals

having integrands which consist of the product of the camber—line ordinate

and an influence function . In application, the integrals involved are

evaluated by numerical methods. The required influence functions are

determined by means of a series—collocation solution to the governing

integral equation. Tables of the influence functions, obtained from

nine—point collocation solutions on a CDC6600 computer, are presented in

the report.

The Power—Law Superposition Method for an arbitrary camber line

employs superposition of (n—l) solutions for basic power—law camber—line

shapes of the forts ra
(x_x

~
’), where a = 2,3, ,n. This approach differs

from that of Hough who uses superposition of camber lines of the form
rax

a. The analytical bookkeeping involved in studying a particular camber

line is believed to be more convenient with the present approach. The

governing integral equation for each basic power—law camber line is solved

by collocation assuming a Fourier series approximation. Numerical

solutions for the Fourier coefficients were obtained on a CDC6600 computer

for nine collocation points, seven basic camber—line shapes corresponding

to a = 2,3, J~,5,6,7, and 8 and values of C
j 
ranging from 0.001 through 5.0.

Tables of the coefficients so obtained are presented in the report.

One of the principal features of the quadrature method is that It

provides a convenient means for determining the aerodynamics of an arbitrarily

cambered jet—flapped airfoil by hand calculation utilizing a pocket- or

desk.-electronic calculator. The hand calculation approach is very

3
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S convenient* for the lift and moment coefficients , but somewhat less so

for pressure distributions and trailing jet—sheet shapes. If, therefore,

one requires aerodynamic characteristics for an arbitrary camber line for

only a moderat e number of parametric variations, hand calculation by the
quadrature method 4,s appropriate. If, on the other hand, a large number

of parametric variations is Involved, the sheer bulk of the calculation

dictates the use of a digital computer. For application convenience in

this latter situation, or for the purpose of calculating additional tables

of influence functions, a digital computer program is given in an appendix.

If the airfoil camber line is closely represented by a polynomial, the

power—law superposition method is likely to be the most convenient.

For analysis convenience, a given aerodynamic property of a jet—flapped

airfoil with the jet operating (blown airfoil) is expressed herein as the

sum of the aerodynamic property without the jet operating (unbiown airfoil)

plus an interference quantity ; that Is, blown—airfoil aerodynamics equals

S unblown—airfoil aerodynamics plus an interference quantity. The subject

of this report is the determination of the interference quantities for the

principal aerodynamic properties . In application it Is assumed that the
detailed methodology for calculating the theoretical aerodynamics of the

S unbiown ai r foil is obtained fr om one of the many sources in the technical
literature (Refs. 5 and 7, e.g.). Nevertheless , for convenience , a brief

summary of some principal results from unblown thin—airfoil theory is

presented in Appendix A.

As mentioned earlier, the most likely application of cambered jet—

flapped airfoil theory is to pure jet—flapped wings on combat aircraft

maneuvering at high subsonic speeds. For this application, it is of

interest to estimate an upper bound to the value of the two—dimensional

jet—momentum coefficient. E~nploying a mean wing chord, (S/b), a mean

two—dimensional jet—momentum coefficient , cj~ may be cast in the form

c
i 

= kf (w/S)(T/W)/q

*Especjally for the small personal programmable calculators

14
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where (W/S) and (T/S) are the wing loading and thrust—to—weight ratio

respectively and kf is a factor which Is proportional to the fraction of

S j engine thrust available to the jet flap , the fraction of sea—level thrust

available in flight at altitude and an engine installation factor.

Assuming a wing loading of 80 pounds per square foot, a thrust—to—weight

ratio of unity, a maneuvering Mach number of 0.9, and a maneuvering
S 5 altitude of 25, 000 feet , to be typical for a fighter aircraft, and very

conservatively assuming kf 
to be 0.5 yields C

j 
0.10. Hence, It appears

that for foreseeable high-speed applications, values of the jet—momentum

coefficient that are of practical interest are less than 0.1. However,

for the sake of completeness, and because future applications are difficult

to anticipate, the tables and examples presented in this report include

values of C
j 
ranging from 0. DOl through 5.0.

‘ 1 1
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SECTION II

ANALYSIS

THE QUADRATURE ~~THOD

As noted in the introduction , the aerodynamics of a cambered jet—
flapped airfoil (Fig. 2) by the quadrature method is derived from super-

position (Fig. 3) of solutions for regularly blown, mechanically flapped
S airfoils taken in the limit as the number of flapped airfoils become

infinite. In the present analysis, the boundary condition of zero jet

S deflection at the trailing edge (Fig. 2) for the camber case is evoked

to achieve, for the more general airfoil geometry and aerodynamic state,

S 
a superposition rule in which the contribution of each fundamental case

is proportional only to the single principal parameter for that case.

For example, for the lift coefficient , this approach yields the relat ion

C,,: C,, a + c~ K+ c 8 + C~ r (1)
‘
~~ 

‘~‘K 1 5

with corresponding relations for the other aerodynamic properties. If

tangential trailing—edge blowing (regular blowing) were to be employed

as a boundary condition , the singular-blowing contribution would be

proportional to (6 — r) rather than to i, and the magnitude of c DTE
would differ from that in Eq. 1.

Before developing the quadrature method , it is of interest to discuss
a pertinent limiting property of Spence ’s solution (Ref. 6) for the 

S

regularly blown, mechanically flapped airfoil . Consider the fundamental 
S

cases of the regularly and singularly blown flat plate (Ref. 1~) and the

regularly blown, mechanically flapped airfoil illustrated in Fig. 1. In

order to properly implement the quadrature method as formulated in this

report , the aerodynamic derivatives c1 (c ,~), c (c ,~) , and y
6
(c ,x,~~)

for the regularly blown, mechanically f apped airf il should reduce to the

corresponding derivatives with respect to a for the regularly blown flat

plate and with respect to T for the singularly blown flat plate for the

limiting cases of ~ = 0 and 1 respectively . These limiting cases are

6
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- 
examined in Appendix B where it is found that the limit for ~ = 0 yields

the proper result , but that for ~ = 1 does not. Hence, for the purpose

of distinguishing between quantities resulting from taking ~ = 1 in the
S I Spence theory and. those obtained directly , the Spence quantities will be

denoted by an inverted circumflex , e.g., ~~~(c~~l)~ ~~~~~~~~ and

S ~~~~~~~~~ S

S In order to overcome the aforementioned difficulty at ~ = 1, the

vorticity—distribution derivative with respect to tS must be written as

S 

)
~(x ,C) = + ‘~“(“,~

) +2((~_ I)[X~.(x) 
~~~~~~~ ii)} (2)

where is the unit step function for which~f(~ —l ) = 0 for (~—l) < 0

apd~ 1(~—l) = 1 for (~—l) >0. For the sake of conciseness of presentatio: S
S the dependence of and on C

j 
is not symbolically indicated.

S 
From the principle of superposition, the vorticity—distribution

derivative for the segmented camber line of Fig. 3 is

)~(x )= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (3)

S where

I
N

S 
n=o

Noting that

(Ii)

I and henc e

(5)

S where A~ — 

~n—l~ 
Substitution of Eqs . 14 and 5 in Eq. 3 yields

7(x) — )~(x ,o)y ’(o) _~~~~ ~~~~~~~~~~ + ~~~ ~~~~~~~~~ (6)

7
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where y’(l) is the slope of the airfoil camber line at the trailing edge.

Taking the limit t~ + 0 in the second term on the right—hand side of

Eq. 6 yields

7(x) = [~~(x~e),’(e)]
’ 

— fy(x.C)(d~/dE5dE (~)

Substituting Eq. 2 in Eq. 7 yields

7(x)= Y~
°
~(x) + ~‘(i)[ .(x) 

_
~~~~(~ ,i)]

+ [~~~~),~~~ x ,C)]
’ 
_f g1)(x~e)(4/dc

2
)d~ (8)

where, assuming that (d y/d~ 
) is bounded at the trailing edge, the

integral involving ‘21 (~—l) vanishes.

S 
Assuming continuous first and second derivatives for and. y and

integrating Eq. 8 twice by parts yields

7(x)= 1
A0)

( )  + ,‘( I) {V~.(x)_ ~~~
°(x , I)]

_J ’~(e)(d 2
,~(7de2)de (9)

Substituting Eqs. B—l and B—15 in Eq. 9 yields

I(x)/U.. = 7~
°
~(~)/u~ — (2/ir)y ’(I) ~~~~ £~(i —

S +[4X/(I + + ~~~~ E (10)

8
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S where X is defined in the list of symbols and

/3~a y’ II)A D~~— III~ 
(11)

S 

~~~ (c i) — A~ Ic1
) — D~Ic 11 I) (12)

H5 f Y (e ) D’~(c j .~ idC (13)

The determination of ~D ( c ~) is treated in Appendix B, with tabulated
numerical values given in Table 1*. For the sake of completeness,

tabulated numerical values of A( c~) are presented in Table II. In
S 

general, the integral in Eq. 13 must be evaluated by numerical means.
S Discussion of the methods for accomplishing this is deferred to a later

point in the report. The determination of D”(c~~~) is treated in Appendix

C , with tabulated numerical values given in Table III.

For zero jet deflection at the trailing edge (t o) , the lift

coefficient and the tail—down pitching—moment coefficient about the

S leading edge are given, respectively, by

C~ 2f(y/u.u) dz (114)

cm : _2t*()
~
/U.)d* ( 15)

It would appear that the logical procedure for obtaining cL and c~
in terms of the 8 coefficients would be to substitute Eq. 10 in Eqs. 114

and 15. This is the only option available for c~ , but a simpler relation

can be obtained for C
L 
by an analysis paralleling that for Eqs. 97 through

103 in Ref. 14. Noting that Eq. 10 is of a form similar to that of

Since Tables I through IV and VII and IX are reproduced from computer
printouts the entries in the tables are identified by the Fortran symbols

S 
for the parameters listed. The Fortran symbols and their corresponding
analysis symbols are listed in Appendix G.

9 
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Eq. 107* in Ref. 14, then by analogy with Eqs. 103 and 107 in Ref. 14 for
S the lift coefficient and by direct substitution of Eq. 10 in Eq. 15 for

the moment coefficient, there is obtained

C~~: ~
Io) + 

~~~~~~~~~ 

(16)

N- i
cm c~~~— y ’ ( i ) Ig — Z (17)

n :O

where and I are given by Eqs. 3_14, B-5, and B—6.

It should be noted that in view of the similarity of Eq. 10 to
S 

Eq. 107 in Ref. 14, and other mathematical similarities (without exact

equivalence) to Ref. 14, some of the mathematical relations given herein

may be deduced by means of a term—by-term comparison with those in Ref. 14

without recourse to actual mathematical manipulation.

By comparison with Eq. 123 in Ref. 14 (taking into account differences

in coordinate—system sign convention), the trailing streamline (jet—sheet )
S shape is given by

~‘Ts(’~
) y

1

0)
_2,~~~ (i — cos 

~ 
_2$0[Ln ton (.

~
. + — sin

—:~: 
$~, 2(cos 

f 
sin n~ — 2ns in f cos np)/(4n2 ...,) (18)

where S

x = cos 2( D/2) (ii 2 i) ( 19)

S 5When Eq. 107 of Ref. 14 is corrected for significant typographical errors.
See Appendix B.

10
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S The derivat ives cL (c ,~
) and c (c ,~

) may be modified in a manner
~ j  m~ ~

S analogous to Eq. 2 so tt~at

= ~~~~
0) (

~
) + 47r[Oo(cpC) +‘2f(C I ) L ~Do(cj iC) ] (20)

cm8
(cj ,~ ): cm

~
b0)(

~
) — so(c~ 

,
~
) 4l(~H i) [i

~ 
+ AS(c 1 ‘i)] (21)

where

N-I

~~ — - SD !AOnm n (22)
n=O

S N: I N-I
SA = ~~ ~~~~ ~ D~I~ (23) (214)

n :O n =O

Tabulated numerical values of ~S(c~) are given in Table I.

Making use of Eqs. 20 and 21, relations for the lift and moment

coefficients also may be derived by a superposition procedure paralleling

that used to obtain Eq. 10. The resulting lift coefficient is identical

to Eq. 16. The moment coefficient, however, is of a different form given

by

= — ~‘II)I Ig+ ~~S) + ( 25)

S where S

~9 J y ( ~~)S~,(c 1~~~)de (26)

S 

s ( c 11C) ~~ Z D ~ (c ,,C)z~ ( 27)

and tabulated numerical values of s~ (c~~~ ) are given in Table III.
S 

Determination of the pitching—moment coefficient by means of Eq. 25

involves less computational labor than does Eq. 17.

11
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S 

The integrals of Eqs . 13 and 26 must be evaluated by ntunerica]. S

quadrature. However , as may be seen in Appendix C , the function
and hence also S~ , experiences a singular behavior at ~ = .0 and 1. It
follows therefore that the leading and trailing edges must be given
separate special treatment in the aforementioned integrals. For this

purpose it is convenient to define the following

H~~: (Hfl )LE + H1.~~ + (Hn)TE 
(28)

= 

~~LE 
+ c9~ + 

~~TE 
(29 )

where

(Hfl )LE fY
’
(e)D~ (e)de ; ~~~ = Jy(~ )o’, (e)dC (30)(3 1)

(Hfl )TE 
= j~(e)D’~(e)de 43 2 )

~~LE £Y(C)
~~~

(C)
~~ 

~~~c) 
= (33 )( 3 14)

CS!rE =j Y(~~)s~ (e)de (3 5)

with << 1.0 and (l_
~2
) << 1.0. Approximate analytic relations for the

foregoing leading and trailing edge integ~’als are given by Eqs. D—8, D—9,

D—20, and D—2l in Appendix D. Evaluation of these analytic relations

S requires values of E(~ ) and s(~ ) at five selected magnitudes of F~,
which were taken to be 0.025, 0.050, 0.975, 0.9875, and 1.0000 in this

report . Tables of values of En
(
~~

) and s(~ ) for these specified arguments
S are given in Table III.

12
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The integrals of Eqs (31) and (314) are now the ones to be evaluated
numerically. The specific computational algorithm employed for this

purpose will depend upon the precision required , the type of computational
mechanics used, the character of the quadrature integrand, and perhaps, S

S the number of cases to be calculated . For purposes of discussion it is
convenient to categorize the computational mechanics as either a

“nonautomatic hand computation,” an “automatic hand computation ,” or a

“machine computation .” A nonautomatic hand computation employs non—
programmable calculating machinery and requires that the airfoil camber—

line coordinates and the influence function be input by hand at intermediate

stages during hand manipulation of the computation steps on the calculator
keyboard. An automatic hand computation employs limited-capability

S programmable calculating machinery * and , because of the machine limits ,
requires that the camber—line coordinate and influence function be input

by hand at intermediate stages during the automatic running of the

computation steps on the calculator . Both nonautomatic and automatic
hand computations require tables of the influence functions D”(c~~~)

and S”(c~~~). A machine computation employs a digital computer, permits
S all camber—line coordinates to be initially input together and calculates
S or stores the influence functions internally to the program . The quadrature S

algorithm complexity and integration step size that can be tolerated

obviously are strongly influenced by the type of computation mechanics
employed.

The quadrature integrands in the present application vary rapidly

over the aft portion of the airfoil and also are of a greater magnitude
in this region. In selecting a numerical quadratur e algorithm for good
accuracy, therefore , one has the choice of employing a large number of S

equally spaced abscissae or a lesser number of unequally spaced abscissae
with the spacing graduated so that the spacing decreases over the aft

S region of the airfoil . A nonuniform abscissae spacing can be achieved

S S by dividing the range of integration into subintervals each of which
employs an equal— abscissa—spacing quadrature formula , but for which the

*Such as , for example , the Hewlett—Packard models HP—25, HP-67, and HP—97.
or the Texas Instr uments models SR— 52 and SR— 56.

13
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spacing differs for the various subintervals, or by deriving specific

formulae for nonequally spaced abscissae. The use of a large number of

equally spaced abscissae increases the labor required to input the data
S regardless of whether the computation is performed by hand or machine.

For hand computation, however, this approach requires more extensive

influence—function tables if the tedious process of interpolation is to
be avoided. Dividing the range of int egration into subintervals also
may introduce difficulty in achieving abscissae values coinciding with

S those listed in the influence—function tables. If only a few integrations

are to be performed , use of a large number of abscissae, the subinterval

scheme, or even influence—function table interpolation may not be

objectionable.

For nonautomatic hand 3omputations it is likely that , in general,
the most practical quadrature formula is the trapezoidal rule with
nonequal abscissa spacings graduated in the manner previously noted.

Although a computer program for machine computation is included in

Appendix H, the principal emphasis is upon automatic hand computation.

This is largely because of the wide availability of programmable pocket

calculators. The capabilities of the key—programmable Hewlett—Packard

HP—25 and Texas Instruments SR-56 models were particularly influential
in establishing the level of comple1dty of the quadrature formula selected

and presented in Appendix E. The formula of Appendix E employs a quadratic

interpolating polynomial for the integrand, arbitrary nonequal abscissae

spacings and an arbitrary number of abscissae. Program listings and run
instructions for use of this formula on the HP—25 and SR—56 calculators

are given in Appendix F.

Although the selection of the aforementioned quadrature was dictated
by considerations of use in automatic hand computations , for convenience
and consistency the same formula is also used in the digital computer
program.

14
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S 

THE POWER-LAW SUPERPOSITION METHOD

S The “power—law superposition method” employs superposition of basic

power—law camber lines of the type

S y0
: r0 ( x — x °) a 2 ,3 ,4, —— — (36a)

for which the abscissa for the mnximum camber height, h, is

—i/to —I )
S xh = a  ,~3b

and r is given by

= K0 1
~ h 

( 36c )

For an arbitrarily shaped camber line given by

N
y =  ~~ ,1( x — x °) (~~

‘)
• o Z

the ra 
coefficients are determined by the specifications placed on the

camber—line geometry. For example, for an 6—rhaped camber line of amplitude

h, and antisymmetric about the mid—chord point , the coefficients are

r2 18 15hand r 3 —12 i/~~h.

From Eq. 69 of Ref. 14, the integro—differential equation for the
vort icity distribution , g ’(x ) , alc~g the trailing streamline is

g(x) : ~ L) ”2f (~L,)”2 .~ d~

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~ d 38iT V x / J0 ‘,~
..y,/ i~~

_
~~ ‘7

where g(x) = (1/2)c~y~~ (x)  and the boundary conditions are

(39)

15
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The chordwise vorticity distribution along the airfoil is given by Eq. 62
S [n Ref. 1 4 a s

~~~~~~~= pJ + (
~~

) (
~~

)‘
~~

‘
~~ 

di~ ( 140)

In the process of solving Eq. 38 it is convenient to treat separately
the logarithmic singularity in the vorticity distribution (Ref. 14) known
to occur at the trailing edge. For this purpose, using the form of Eq. 2.26

in Ref. 3 as a guide , let

(141)

where

S F(it ) : — (2/x ”2)tn (x—I )  +2Lfl[(X ”?~ I)/ (z ”~+ I)] (142)

with G(l)  and F ( l)  finite and G(oo ) and F(cc ) vanishing.

Substituting Eqs . 36 and 141 in Eq. 38 yields

d~ — AG (x )

= 2 2(a-I) ~~~~ +2( I_ ax 0 l4(~~1)_ 
ii

—2 o (~~
-
~
)” 2 Z KA X 0

~~
4 

} S

S where S

S K A : [ l . 3 . 5 . _ _ __ ( 2 1 — l ) } / ( 2 4 .6 ____ 2A ) I

16
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For the purpose of solving Eq. 143 it is convenient to introduce
S 

the transformations

x=cos 2(~~
/2)

~ 17 C05’(8/2) (45)

and expand G ’( c)  in the Fourier series

S G’ (,) = si n~~~~~ C~ cos fl , (146)
S in the range 0 < < ir. The corresponding series for G(~ ) is

! 2Cn(cosj . cos nip +2n sIn isin n,)i(4n2_ I) 
14n=O 2 ( 7)

S 
Substituting Eqs. 4~, 146 , and 147 in Eq. 43 and satisfying the resulting

S equation at N points given by

Pm mir/N , m 0 ,I ,2,__ .....,N—I (148)

yields the result

~~~~ 0mn +X b mn Cn =~ m + X ~m /4 (49)

where a and b are given by Eqs. A-8 andma ma

= 
32(o-I) [In (ta n ~~~D)_ sec !~m.J n(tan~~~n)] (50)

5 

+a(s.c ’!~D)° ’ [t ~~ ?r°±’ K4(COS’~~~’ )_  ( ‘
~~

‘ )I}~].)

S 17
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A word of caution is in order regarding precision in the numerical

calculation of by Eq. 51. For a given value of a , as a - N , small

differences between small numbers are encountered in the bracketed terms
in Eq. 51. The situation is greatly aggravated for a -* N. If , therefore ,
a given precision in is desired , care should be taken to insure that

the bracketed terms are calculated to a sufficient number of places to
achieve the desired precision.

The N simultaneous equations for C given by Eq. 49 have been
numerically evaluated on a CDC 6600 digital computer for N = 9, a = 2 ,

3, 4 , 5, 6 , 7, and 8 and values of cj  ranging from 0.001 through 5.0.
Values of f + were input to 10 significant figures* and the

calculations performed to 15 decimal places. The resulting values of
C are recorded in Table IV. The computer program for accomplishing the

preceding computations is documented in the listing in Appendix H.

Making use of Eq. 147 in Eq. 141 and substituting into Eq. 140 the
value of g ’(~~) obtained by differentiating Eq. 141 yields the following

for the vorticity distribution along the airfoil

= ~.~°~(x)/U , + r0(o— I)(2/ ,r )i”~S n ( I—z )

+(rO/4)[4COX/ (I+X)+2 !CnX~IJ (
3
~
Z 

(52)

where X is defined in the list of symbols .

By analogy with Ref. 14 , the re is obtained

c1:c/°)+ 7 r ra Co (53)

N-I
c m :c mt0L ro [ ( I 5 o ) IL+( I/4) Z CA In] (54 )

S n’O

*Because of the previously noted precision problem , double—precision
arithmetic was employed . 

S
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S 

YT~
(
~~

) (~~~
) +r0 {vI_o)(i_co.+ +

~~~
[!n ton(*+f)_sin-

~-]
S 

+ + 
:~~~: 
:~ ~~~ Sin n~ — 2i~ sin cos fl, ) } 

~
S If the solutions for a particular power—law mean line are denotedS 

by the superscript ( a ) ,  such that the left hand sides of Eqs . 52 through

55 become Y
(a) (x ) /U ct~~~, cm~~~ and y,~~ (E, then the solutions for

a camber line represented by the polynomial of Eq. 37 are

S N
S y(~)/U ,,~~~ yt°)ti~)/U~ (56)

0:2

Cj 
(0) (57)

N
Cm l ! Cm~~ (58)

0:2

(59)

H 1  
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SECTION III

SOME NUMERI CAL EVALUATIONS

Several numerical evaluations are of interest. First is the

determination of the impact of alternative quadrature rules and abscissae

station distributions upon the accuracy of the integrals for H1~
’
~ andJ~~ 

S

given by Eqs. 31 and 314. Second is a determination of the relative

contributions of the integrals for the forward, central, and aft regions

of the airfoil as given by Eqs. 28 through 35. Finally, it is of interest
to compare the aerodynamics as calculated by the Quadrature Method to that

calculated by the series—collocation approach used in the Power—Law

Superposition Method. For the foregoing purposes, basic power—law camber

lines normalized* to unity camber ratio, K =  1, are examined for exponents

of a = 2, 14, and 8. Plots of some normalized camber lines are shown in

Fig. 5.

For the quadrature—rule and abscissae—station—distribution evaluations,

comparisons are made for the trapezoidal rule and the quadratic rule of

Appendix E in conjunction with dense (19 stations) and sparse (9 stations) S
distributions. Listings of the aforementioned abscissae distributions

are presented In Table V~~.

There is no way of establishing the absolute accuracy of the previously

mentioned alternatives for calculating ~~~ and ~~(c) However, “equivalent”
(c) (c)

collocation values of H and are useful as reference quantities forn
assessing the “apparent” accuracy of the alternatives. A “collocation—

equivalent value” is obtained by subtracting the quadrature—method

* An aerodynamic property calculated for a normalized camber line may be
applied to an arbitrary camber ratio for that camber line by simply

S multiplying the given property by the specified camber ratio.

**Abscissae are listed only for the central region where numerical
quadrature is employed.

20

__ __5~5 55 _~~5 5S ..sS.5-S.~~~~~S_s-_5._S_-s - 5-5- ~
•5-

~ 5-—•~5-••~ 5S S 5 5 5 S 5 5 5 - 5 - 5 5 5 5 -5 55 S55- SS5- 555555- 5- SS .5 55—55555 5



S AFFDL-TR-77-63

leading— and trailing—edge contributions from the appropriat e collocation
solution quantity . The percentage relative difference in H~~ is then

defi ned as

~~~~~~~~~~~~~~~ 
)/ (Hn~~

)equjv

with a corresponding definition for

A tabulation of the percent age relative differences for ~~~~ and
C calculated by the alternative quadrature rules and abscissae station

distributions for a = 2 , 4 , and 8 and cj  values of .01, .10 , and 4.00 is
given in Table VI. It is seen in this table , that although there is some
variation with “a” and “cj ”~ the most siguificant differences are due to
the number of abscissae stations and the type of quadrature rule employed.
It is apparent that the best results are obtained through use of the
quadratic rule in conjunction with the dense station dist; ibution , with
the trapezoidal rule utilizing a dense distribution rat ing second best .
The sparse distribution generally gives poorer results. Although the
percentage relative differences for ~~~~ with n ~ 0 are not shown in
Table VI , those values presented for n = 0 are typical of those for n ~ 0.
For a given computer capability and quadrature accuracy goal , Table VI
provides a partial guide to the user in selecting the quadrature rule
and station distribution most appropriat e to his application. Another
factor influencing the accuracy required in the numerical quadrature is
the relative contribution of the quadrature calculation to the total
value of 8 and t~c coefficients. In order to provide visibility on this,

as well as visibility on the other components contributing to and

a computer printout showing the component breakdown is present ed in Table
Vile . Also shown , as a point of information , are values of t~c calculated
by both of the methods presented in the text . The 

~
cm value shown with

the asterisk is calculated according to Eq. 17 and that without according
to Eq. 25. The relative contributions of ~~~~ to and ~~( c)  to
for the calculations shown in Table VII are summarized in Table VIII .
It is observed in this table that , although there is some variation with
the exponent “a” , the most significant variation is with cj~ where it is

*The numeric quadrature calculations in Tables VII and IX employ the
quadratic quadrature rule and the dense abscissae station distribution.
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seen that the relative contribution of the central—region quadrature
decreases considerably at the lower values of C

j
. Apparently, at low

momentum coefficients, say c~ = .10, the major contributions to 8 and

Ac are from the trailing edge region; that is, from the terms containing

the factor y’(l) in Eqs. 17 and 25, and the trailing—edge quadrature,

Eqs. 32 and 35.

Table VIII in conjunction with Table VI provides the user with S

additional guidance in the selection of a quadrature rule and abscissae

station distribution. For c
j 

= .10 and a given accuracy requirement,

the combined tables indicate a requirement less stringerLt than does

Table VI alone. In some instances a relatively crude numerical quadrature

calculation might be satisfactory. Consider, for example, that the

interference lift coefficient (Ace 
= 14,T8

0) for a camber line closely

resembling an a 2 power—law camber line is required to an accuracy of

±2.5% or better at Cj 
= .05. It is seen from Tables VI and VIII that a

numerical quadrature using the trapezoidal rule and a sparse station
distribution will satisfy this requirement (since — .3182 x 690 = 2 .2 % ) .

As a final assessment of the quadrature method, collocation solutions

S for the same camber—line shapes and momentum coefficients considered in

Table VII have been obtained. The resulting 8 and Ac values are given

in Table IX. The percent differences in ~~ Ace, and Acm as calculated

by the two methods are summarized in Table X. It is seen in this table

that excellent agreement is achieved at the lower values of the momentum

coefficient with the agreement becoming less favorable at higher momentum

S 
coefficients. There also is some degradation with increasingly higher
Fourier harmonics. From examination of Table VI and VIII it can be seen
that the momentum—coefficient degradation is likely due in part to the
fact that the relative contribution of the numerical quadrature component
to a total aerodynamic property increases more rapidly than does the
quadrature accuracy for a fixed quadrature routine.

22
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Although methodology is the main concern of this report, the
interference lift— and pitching—moment coefficients for several power—law
camber lines are presented in Fig. 6 as a matter of interest . As can be
seen , for positive camber the interferenc e of the jet sheet produces a
lift decrement and moment increment , both of which increase with increasing
jet—momentum coefficient and rearward movement of the maximum—camber
location. The corresp onding center of the interference lift is relative ly
insensitive to the camber—line shape and varies only slight ly with the

jet—momentum coefficient from a mid—chord position at low coefficient
values to appr oximately the 46—percent—chord position at a jet—momentum S

coefficient of five .

I

23 
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SECTION IV

CONCLUDING REMARKS

A quadrature method for calculating the incompressible—flow
aerodynamics of an arbitrarily—cambered jet—flapped airfoil has been

derived and evaluated. The principal advantage of the method is that
it replaces the usual process of solving a set of simultaneous equations
by numerical quadrature employing a table of influence functions. For a

moderate—to—large number of simultaneous equations (say,  nine or more )

this results in a considerable simplification in the computation routine .
As a consequence, relatively simple computational machinery , such as a
pocket electronic calculator, can be used for computation instead of a
digital computer. This facilitates convenient arid fairly rapid analysis

of prospective camber—line shapes . The method probably has its greatest
utility for situations in which only a small or moderate number of cases
are being examined. For extensive parametric studies, because of the

sheer bulk of the computations, use of a digital computer probably is

more desirable.

Some numerical evaluations of the quadrature method were made by

using aerodynamic properties calculated from a series—collocation method

of solution as reference values . Factors examined were the effect of
linear and quadratic approximating integrands and dense (19) and sparse
(9) abscissae distributions on the apparent accuracy of the numerical
quadrature , the relative contribution of the quadrature component to the
total value of an aerodynamic coefficient , and the relative difference
between aerodynamic properties calculated by the two different methods . S

The highest apparent accuracy in the numerical quadrature was obtained
with the quadratic approximating integrand in conjunction with a dense

S station distribution , with the linear approximating integrand (trapezoidal
rule) utilizing a dense distribution rating second best . The sparse
distribution generally yielded poorer results. It was found that relative

contribution of the quadrature component to a total aerodynamic coefficient

increased with increasing values of the jet—momentum coefficient. For a

given accuracy requirement on a total aerodynamic property this means that

214
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the numerical quadrature accuracy at high speed (the regime of most likely

applicatIon) can be less than that at low speed (higher c 1 ) .  S

In general , for the cases examined , very good agreement was obtained
between aerodynamic properties calculated by the quadrature and collocation S

methods (an average of .08% for the absolute value of the relative difference S

in the B values) with the “apparent” error in the quadrature—method

results increasing with increasing values of the jet—momentum coefficient.

This partially verifies the necessity for increased numerical—quadrature

accuracy as the jet—momentum coefficient increases. The tabulated results

for the examples calculated in this report provide a guide to the user
in selecting an appropriate abscissae distribution and numerical quadrature
routine for a given application.

Although methodology is the main concern of this report, a peripheral

S finding of interest is that for a positively cambered non—reflexed camber
line the jet—sheet interference effect yields a lift decrement and moment

increment both of which increase with increasing jet—momentum coefficient
S 

and rearward movement of the maximum camber location. The corresponding

center of the interference lift is relatively insensitive to variations
S in camber—line shape and jet—momentum coefficient and is located approxi-

mately at the mid—chord position.

25
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APPENDIX A

S 

SOME RESULTS FROM UNBLOWN ThIN-AIRFOIL THEORY

It is the purpose of this appendix to present only some highlights
of unblown thin—airfoil theory , including analytical expressions for th~
integrals required for polynomial camber lines.

For a zero—thickness cambered airfoil at zero angle of attack the S

integral equation for the vorticity distribution ~‘°~(~ ) is 
S

- ~ r ’ ~,(o)~~
~c z) _j~ .j 0 ~~~~~~~~~ d 

(A—i)

The solution ( see . e.g., Ref. 4, 6 , or 8) of Eq. A—l is

y(O)(x) 2 (I~~~\~ 2f 1 
~~~ d~- 

~ / ~~~~~~~~~~~ (A-2)

for which

(A—3 )

c~~=2~~+,r a~’L (A-4 )

where

(0) 
~ 

(‘~ y(C)
aEL: .,~-J (I-~

)
~/~iR) de (A- 5)

- (‘
~ 

y (E)( l— 2E)
(A-6) 

2 7 ( ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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In applying Eqs. A-2, A-5, and A—6 to arbitrary camber lines ,

S 
numerical quadrature is usually employed. For bounded values of y ’ ( O )

S and y ’( l ) ,  evaluation of the foregoing integr..l s gives no difficulty at
the ieading— and trailing—edge singularities, although approximate

S analytical treatment paralleling that of Appendix D likely will be

necessary for small regions near these extremities. For Eqs. A—5 and

A—6, this subject is discussed in more detail in Ref. 7. Special treat-

ment in the region of ~ near x also will be necessitated. Studies of the

numerical evaluation .~f Eq. A—2, or alternative forms thereof, may be ~ound
in Refs. 5, 7, and 9.

The principal purpose of this appendix is to present some pertinent

relations for polynomial camber lines. For polynomial camber lines of

the form of Eq. 36, the following basic integral repeatedly occurs in
Eqs. A—2, A—5, and A—6

S j (m~~

S m : O , I ,2 , _..~~~; O S X S I  (A-7)

where the integral is the Cauchy principal value .

The integral is evaluated by

t m+I (X) *Im (*) 9 1m+t (O) ( A—8 )

where

10(x) 
: 0 (A— 9)

I,(O): —iT

t m +I (0) :-I.3.5. ___ ... ( 2m _ I )w /2 mm ! (m �O) ( A—b )

The integral of Eq. A—b is taken from integral 212.4 in Ref. 10. The
integrals given by Eqs . A— 8 through A—b are analogous ( but not identical)
to integrals 6 through 13 in the Appendix B of Ref. 8.

28
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5 

APPENDIX B

THE FUNDAMENTAL JET-FLAPPED AIRFOIL SOLUTIONS

The jet—flapped airfoil flows considered to be “fundamental” for the
purposes of this report are the flows for the regularly blown flat plat e
(R ef. 1 4 ) ,  the singul arly blown flat plat e (Ref.  14) , and the regularly blown,
mechanically flapped airfoil* (Ref. 6) (see Fig . 1). Since most of the
mathematical relations involved in the batter two cases are employed or
implied in the methodology of this report , it is of interest to suinnarize
them in this appendix.

SINGULARLY BLOWN FLAT PLATE

This case is illustrated in Fig . lb. The pertinent relations as

given or implied by Ref. 14CC are as follows

y~~
(C j ,X ) :  2U,1 312 [—/n (I—z)+2A0x/(I+x)+

’
~
’A~x’~J (B— b)

Cg~~(c~) :  4ir A0 (B—2 )

N-I
Cm~

(C j ): (c1 +I~) — ~ A n L,.~ (B —3 )n:0

* Called a “jet—augmented flap” in Ref. 6.

**The relation for the chordwise vorticity distribution in Ref. 14, Eq. b07,
contains typographical omissions . The second and third terms on the right —
hand side of Eq. 107 should be multiplied by x 3/2 and the term
2c *[b—x)/x]1/2 should be added to the equation .

29
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l.g:_ (4/,T)~~X J
~
2 tfl (I_ X )dX (I6/71i (I_ !fl2) (B— 14)

I —  4f ,~“Z (I...~/i T )dX :  8 ( t — ~~
) (B— 5)

5 In :4J ih/2Xfl thI ( n I ,2,3,___ )  (B—6)

where An = An (C j )
~ 

X is defined in the list of symbols , and

= 4 ( i r — 2 — K 1)

I ,.~ :8 [_ (2 n + I)/ can —I ) + nK n_ t }  (B—7 )

with K given by the recursion formulaen

(B-B) 
S

The An coefficients are given by

~~~
(0 mn 4 X b mn)A n :c m +Xd m (B-9)

where

S O~~~~$Sfl~~m (n:O)

0~~~~~ ( I+COS~~m) $ifl~~m (n~’ I)  S

bmn 4(co s n,+2n to n -~~ - $in n~~~)/( 4flt I) (3-10)
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S 

C~~~~(I+C0S~~~)

dm (8/iT ) 
~ 

SOC (W m /2)}2fl [tan( ~ m/4)} _In[ton (qam/2)} } (3 1l)

~ m :m 7 r / N  m:0,I,2 ,_ _ _ . , N-I (B 12)

The equation for the trailing streamline is given by Eq. 123 in
Ref. 6.

S REGULARLY BLOWN , MECHANICALLY FLAPPED AIRFOIL

This case is illustrated in Fig. lc. The pertinent relations as
given or implied in Ref. 6 are as follows :

)~~ 
(c~, x ,~~) : ), ~°~(x C ) +y  W (C 1, x,~~ ) (3—13)

. e+y
~~

. ~~~~~~~ ~~ x ton -~~~/n
(3—114)

~~ ~~~~~~~~~~~~~~~~ 
: 2u~~

s/z[2DO x,(I+x)+E D fl xfl] 
(B 15)

S S D5:D~~(Cj,E)

x ” ( I /2 )( I+cos8 ) ;  ~
l ( I/ 2 )( I+co s X ) (B—16)

(B—lT)

Cm8 
(ci, ~

) I 
~~~~~~~~~~~ —! D5 I~ (B—18)

naO S
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where I is given by Eq. B—6. The D~ coefficients are given by

(B—l9 )

where m = 0 , 1, 2, —--- , N-i , a and b are given by Eqs . B—b , and

!&. tan! _ . _sec~~~ t0ni 
(B...20) 

5

As discussed in the main body of the report, correct implementation

of the quadrature method requires that the aerodynamic derivatives c 9 (c ,~) ,

c (c ,~
) and y6 (c ,x , F )  for the blown mechanically flapped airfoil reducem~~~j  j  

S

to the corresponding derivatives with respect to a for the regularly blown
flat plate and with respect to T for the singularly blown flat plat e for S

= 0 and ~ = 1 respectively.

That is, the following must be satisfied:

c~(3
(c31 O)= cIa (C) )

Cm8 (C j ,O): c ma(c j )

~~ (c1,x ,O):y ~c~,x) (B—21)

S 
cj
8

(c11 1) : Cz~
(c j )

Cm8 (c j , I ) c m.~.
(C j )

5 )
~ 
(c3,x ,I):~~ (c j , x) (3— 22)

32
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For ~ = 0, Eq. B—16 yields X = ii , and fm(O) of Eqs. B—20 becomes

em where em (defined in Ref. 14) is the correct right—hand side for Eqs .

3—19 to yield the numerical results D~ (c~~ O) = B~ (c~ )~ where the Bn ’S
are the coefficient of the regularly blown flat aolutio~ (Ref. 4) .  Hence
in this case the proper limit is obtained.

We now consider the limit ~ 1 (X = 0). The proper limit for f0(l)

is obtained by noting that f 0(~ ) = —2, for which f0
(l) = —2. The result

f0(l)  = 0, obtained by first substituting ~ = 1 and then = 0 in Eqs.

3—20, is incorrect. The foregoing choice for f0(l) also may be verified

S by checking the trailing—e dge boundary condition. From Eqs . 17 and 23
in Ref. 7 it may be shown that this boundary condition is

E D~(cj ,I)/(4n2—I ) — I/2X
fl zO

Substitution of f
0(l) = —2 in the first of Eqs . 3—19 satisfies the boundary

condition , whereas f 0( l)  = 0 does not . We also have fm (l)  = 0 for m ~ 0.
The coefficients D (c~ 3l) are then determined by

(a~~ + Xb~IJ~) D~(c~,I): {~ rn:I,2,3,__ _ } (B 23)

( 0 )Also for ~ = 1, y
6 

(x ,l) = 0; then

~ ~~~~~ ) = 2U , ~3/2 {2[D0 c1, I)] X/t ’ +X)+’
~~ [D~(C~, I)]X~’} (B—2 14) 

S

where the inverted circ~~ flex indicates that the vorticity distribution S

S is obtained by taking ~ = 1 in the regularly blown,mechanically flapped

airfoil solution of Spence (Ref. 6).  From a visual comparison of Eqs . 3—9
and 3—23 and Eqs. B—i and 3—214, it is not possible to determine whether
the conditions of Eqs . 3—22 are satisfied . However , extensive numerical
calcul ations for N z 3 and 9 reveal that they are not . Because of this
discrepancy , quantities obtained by taking ~ = 1 in the Spence theo ry will
be denoted by an inverted circumflex to distinguish them from the correct

S result ; for example , ~(8(Cj, I), L~ (Cj,I), and

33
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THE INCREMENTAL COEFFICIENTS AD ANt) ASn

S The incremental coefficients AD and AS are defined as
n

AD~(c 3 )R A~(c 1) — D ~(C~1 I) (3-25)

N-I
AS • SA

_SD: ~ =AD~I~ (B-26)
fl =0

where SA, SD , and I are defined by Eqs . 23, 214, and B—5 and 3—6 . These

incremental coefficients can be determined by separately evaluating An
and D from Eqs. B—9 and B—l9, or , in view of the linearity of the problem,

by solving

!
0

(0mn+Xbmn )ADn 1{2 ~~~~~~~~~ r n: I,2 ,.. _..._ (3-27 )

for AD
S n
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APPENDIX C
S DETERMINATION OF D” AND S”

I n D

S The second derivative of D with respect to E , D” , is determined

from the set of simultaneous equations resulting from taking the second

derivative with respect to ~ of both sides of Eq. B—l9 yielding

(0 ,,,j i+X b mn )D’
~ 

= im [e( I.e )] 3
~

2
nb ( c—i)

where

~ 
I. a(~ -2C 2(l-~ ) 1im 

~~~
‘ ~°‘~ f ~( I — 2 C ) 

I-Ccos~
!

~~) ’ (,~~~~~~t2~n)2j ( c—2)

The right—hand side of Eqs . C—l has singularities at ~ = 0 and 1. In S

order to avoid numerical difficulties associated with these singularities
it is convenient to introduce the coefficients E defined by S

( C— 3 )

Equations C—i then yield the set of simultaneous equations

~~~(o mn +X b mn )E n j ~ (c—b)

which are solved for the E ‘a.n

The relat ions for S , given 1: Eq. 27, may be written as

Sj~zs [e( I_ e)] -3 ’z ( C —5 )

where

N-I
$ 1  ~ E~ 15 ( C —6 )
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S APPENDIX D

TBEATI€NT OF THE LEADING-. AND TRAILING-EDGE
SINGULARITIES FOR THE QUADRATURE 1€THODS

S 

LEADING EDGE

Evaluation of the following integrals is required:

(Hn)LEIJ y (
~

)D
~ (C) dC (D—l)

(D-2)

where 
~b << 1 and

( )

S S~(~):s(e){e (i_c)]_h/t

with E (~~) and s(~~) given by Eqs . C . 14  and c—6 .

S Numerical calculation shows that E (~~) and s(~~) are well behaved in
S the vicinity of F = 0 and therefore can be approximately represented by a
S quadratic equation in ~ in that region . It is assumed also that y(~~) is

- approximately a quadratic equation in the sane region. Since y(0) E~(0) =

s (O)  = 0 , we may write

En(e): o1C +a 2C 2 (
~~~)

( n—6)

S iCC) = c C  +c ,~~ ( D—i) 
S

36
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The constants a1, a2, b1, and b2 are determined by passing Eqs. D-5 and

D-6 througl2 the known values of E(~0) , 
~~~~~~ 

s(Q, and where

0 < < E~~. The constants c1 and c2 are determined by constraining Eq.

D—7 to yield the known values of y ’ ( O )  and y(~1
) .  Determining the

constants as specified , substituting Eqs . D-5 and. D-7 in Eq. 1)-i , and

substituting Eqs. D—6 and D—7 in Eq. D—2 yields

S 

(H,.
~
)i.E 4JoEn(Ca)+1p En(Ci)] Y(Ci )4{ m OEn(Co)4~miEn(C.)] y ’ (O) (D—8)

~~LE + [2o s( C& +1~ s(Ci )] y( Ci )+[m o s(Co)+ m, s(C, )]y ’ (O) (D—9)

where

__________ - 
— J ~~ +J4

° C0C1
2(Ci Co) 

~ C1
3(C1 Co) (D— lo) S

m0 
J1C?—2J 3C1+J4 m1 = 

-

(D—u) S

S 

~~~~ C~ [C C I— C }~ ” dC (D—l2)

( for nz l)

— ( fo r n>I)

where

1, 1— (~ )[ C, +(3/2)] ~~~~~~ +3I ~ /8 ( D—13)
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In the present application t~ and 
~l 

were taken as = 0.025 and

0.050. These values yield

/~ =2 .I33 7 J~= 0.82274 1
m0: 0.13977 m 1 :-0.0082727 J (D l14)

Numerical values of ~~~~~~~~~ E~ (c j~~ 1)~ 5( C j~~ 0 )~ and s(c j~~ 1) for the

above values of and 
~l 

are given in Table III.

TRAILING EDGE
S 

Evaluation of the following integrals is required:

(Hn)T E:f ’ y ( C ) D~ ( C ) d C  (3-15)
C2

(~~ l6)

where (1 - 
~~ 

<< 1 and D~ and S~ are defined by Eqs. D—3 and D—14

respectively.

Analogous to the leading—edge develo~ment, E~(~ )~ s( E ) ,  and y(~ ) are
approximately represented by quadratic equations in the vicinity of the

trailing edge .

Since y ( l)  = 0 , we may write

En(C): En(l) + O i ( l
~~C)+Oe( I

~~C)
2 (D—rr )

(3-18)

(D—b9) 
S

The constants a1, a2, b1, and b
2 

are determined by passing Eqs . 3-17 and

D—l8 through the known values of En(~2
)
~ 

E~(~ 3
)~ ~~~~~ 

and S(~ 3
)~ where

< F
3 

< 1. The constants c1 and c2 
are determined by constraini ng

4:
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Eq. 3-19 to yield the known values 
~~~~~ 

and y’(l). Determining the

constants as specified, substituting Eqs. D—1T and D-.l8 in Eq. D—15, and

S Eqs . 3-17 and 3-19 in D—l6 yields

S 
~

11n)TE :[IZ EflCC +L S Ef l C 3 +I4 Efl I ] Y C 2

(3-20)

4TE [t 2 $ ( C z)+13 s(C3 +I4 3 u I Y C2

+ {m 2 s(Ce ) +m ss(C3) +rn4s( I)] y ’ ( I )  (3-21)

S 
where

£ - 
— J;c I— e 3)+4 *

2 ci— C~3C5 —C2

- _________________

~ I— C2 2 CI— C5 nC3—C2 S

£ — _____________________________

(3-22)

S m = 
J I—C2 —C3)—J~(2-C2 -C3)+J 

S

2 ( l— C2 )2(C3—C2)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- 

(I—C ,)(I—C3)(C3-C2)

S 

m : ~~~ I ~C,)2 ( 1 -C~+j~u —C2 (3—C2—2C5)—J (3—2C2 -C3)+J~
5 CI — C2 )2 I—C3 ) (3-23)

(3-214)

5 39 
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S 
J

J~ : J — 2j’~,+j

J~~: J — 3 j ’0 +3~~—j ~ (D . 25)

where

JO iT/2 + Sin ’ (1 2C2 )

II’ = /~~2~~
{

~
) +

l ’Z = (+ )(C2
~~~~

) i/C2CI— C2 +(3/8 )j ~

S In the present application 
~2 and were taken yg 

~2 
= 0.975 and

= 0.9875. These values yield

12 0.82274 ; 13 2.1337 ; 14 =0.16545

m2 = 0.0082727; m 3 -0.13977; m4 :-0.17124 (0—26 )

Numerical values of E (c~ ‘~2~ ’ 
E(C~ ~~~~ E(c~ ,i), s(c~ ‘~2~ ’ 

s(c~ ~~3
) ,

and s(c~~l) for the above values of and are given in Table III.
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APPENDIX E

NUMERICAL QUADRATURE ALGORITHM

A numerical quadrature formula for an arbitrary number of unequally
spaced abscissae is developed in this appendix.

S Referring to Fig. 14, the integral under consideration is

f(x)dx (E-l)

This is approximated by

t L(XN ,JIO)! At5.,.1 (E—2 )
n=0

where

‘
I A15+i : fZ

n+I f(x )dx
Zn (E—3)

and

f (x ) : f~ + b ( z — z 5) + C (Z Zn)2 
(E—14)

yielding

f n (x n+I~~*n) + (b / 2 )( Z n+I~~ n)2 +(C/ 3)(Z n+I ~Z~)3 
(E— 5 )

Two of the collocation points for the approximating parabola of Eq. E—14
are taken to be the ordinates of the sides of the elemental area Al .n+l
The form of Eq,. E—14 assures collocation at x , whereas collocat ion at

will be achieved by proper determination of the coefficients b and c.
A third collocation point is needed , say at x~ , to ensure the determinacy
of b and c. These coefficients are determined such that

b : b (Z n+,, * j ) ; c (z n+11 x , ) (3—6)
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where

- ~ 
n+2 “ Forward co l loc at ion ” ~- 

~ n — I  “Bac kward col location ”’ (E—7)

With this scheme, there are two options available in applying the composite

quadrature formula of Eq. E—2. For the first option backward collocation is

applied to all the elements except the first , at which forward collocation

is used. For the second option forward collocation is applied to all the

elements except the last , at which backward collocation is used. The first
option is employed in the present application , since in an automat ic hand

computation errors of omission are less apt to occur if exceptional operations
are performed at the beginning of the computation rather than at the end.

Collocation at x , x , and x. yields the result
S n n+l

I ( x~.zo ) , ~~~~~~~~~~~ 
{6fn + [2 

+ 
~.j ) 

](tn+r tn)

— I (xj -x n)(Z I—x n+l) J ~ n J (E—8)

with

1 :2  for n :O
I =n-I for n >0

A closely related quadrature formula is given by Davis and Rabinowitz

on page 148 of Ref. 11. The Davis—Rabinowitz formula uses forward collocation S

for the first element, backward collocation for the last element, and an

average of forward and backward collocation (called “overlapping parabolas”

in Ref. ii) for the central elements. The method of Eq. 3—8 entails

considerably less computational labor than the method of overlapping

parabolas, and is to be preferred from that standpoint . Also , it is
demonstrated in the numerical evaluations section of this report that the S

present method is more than adequate for most applications. Additionally,

it was surprising to discover that for the examples on page 50 of Ref. 11

the present method yields errors smaller than the overlapping—parabolas

and the cubic—interpolation methods in that reference. Depending upon

the case, errors of 10 to 50 percent smaller were obtained by the present

method.
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It is not the intention here to explore the merits of various
numerical quadrature methods in depth. It is believed that the present

method represents a reasonable compromise between accuracy and complexity

suitable for the purpose of this report. The user may, of course, employ

any other method of his choice.

The selection of the quadrature formula of this appendix was governed
- by considerations of use in automatic hand comput ations . As a matter of

S convenience and to ensure a consistent basis of comparison for hand and

machine computations, however, the sane formula is also used in the

digital computer program.

_ _ _  
_ _ _  
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APPENDIX F

NUMERICAL QUADRATURE PROGRAMS FOR THE HP-25 AND SR-56 CALCULATORS

The algorithm presented in Appendix 3 is implemented in this appendix

with program listings for the Hewlett—Packard HP—25 and Texas Instruments
SR—56 calculators. These calculators typify the commonly used Reverse—
Polish and algebraic logic systems.

In the run instructions given below for the aforementioned programs,

the following symbology is used. A nonunderlined term is the symbolic

representation of numeric data to be input. An underlined term is an

exact or abbreviated representation of the symbol on the calculator key

S to be pressed.

HEWLE~r-PACKARD HP-2 5

Program Lie ting

1 x 11 SIV-O 21 RCL 1 31 - iii +
2 s w 6  12 RCL 1 22 RCL 2 32 x 42 x
3 RCL 5 1 3 -  2 3 -  3 3 +  43 S10+7

S 4 -  1 k x ~~y 2 4 4  3Z1. RCL 5 14~~~RCL 2
5 x:y 1 ,5 4. 25 RCL 1 35 5W4 li5 S1~~16 si~~o 16 2 26 RCL 3 36 6 116 RcL 6
7 S~~~3 17 + 27 — 37 x ‘17 S~~~58 RCL 1 18 x 28 + 38 + 1e8 RCL 35 9 - 19 l~~L 0 29 RCL 5 39 RCL 0 49 S~I~D 2

10 RCL 2 20 g(x2) 30 RCL 4 40 6

S 
Run Iy~ truetions

To initialise, key s

1. x2, siv i , y2, + , g2, x , sj~~4

2. ‘o’ ~~ ~~~‘ Yo’ ..L’ g0, ~~~‘ ~~~~~~

To run, k.ys

3. x1, 4 , y~, 4 , g.~, 
~~ 

(x1 is displqed )

~i. Repeat run step 3 for x2, x,, - - - -, xN and corresponding value s of y and

The current abscissa input, x1~, is displayed each time run step 3 is
performed. This serves as an orientation aid in input ing the data .

5. Press RCL !, read I(xw, x0) .
1414
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TEXAS I1~~ThUMZNiS SR- 56

Prog~ram Listing

0 R/S 15 RCL 30 ~~L 45 1~ L 60 SlO 75 5
1 SIO 1 6 5  3 1 4  1 1 6 8  6 1 1  76 s1t
2 3 17 — 32 - 47 ) 62 SUM 77 4
3 SUM 18 x 33 ~~L 48 + 63 0 78 !~ L
4 9  1 9 (  3 4 5  ‘ 4 9 6  64~~~ L 7 9 3
5 INV 20 2 35 ) 50 x 65 3 80 +1—
6 SUM 21 + 36 x 51 W~L 66 EXt 81 SUM
7 8 .~~~~ ~~L 37 ( 52 5 67 2 82 7
8 R/S 23 7 38 RCL 53 68 s~ 83 STO
9 x  2 4 +  3 9 9  5 4 x  6 9 7  8 4 9

10 R/S 25 RCL IsO x2 55 ~~L 70 STO 85 +/-
1 1 =  2 6 8  4 1 +  5 6 9  7 1 8  86 RST
12 S’IO 27 ) 42 RCL 57 + 72 ~~L
13 6 28 — 113 7 58 6 73 6
1 4 -  2 9 (  1 1 4 +  74 3XC

Run Instructions

To initialize , key s

1. x2, 
~~~~~~~ ~

, 
~~~~~~~ ~~‘ 72’ ~~ g2, !‘ ~~~

2. x0, STO 
~
, +_L~ ~~ 2 ~~~ ~~‘ 70’ ~~~ Eo~ ~~‘ ~~~~~

To run, key:

3. x1, ~~~ 
y

~
, ~~~ g~, Rj~ (x1 is displayed)

L~• Repeat run step 3 for x2, x3, - - - -, XN and corresponding values of y- and g.

The current abscissa input , x~, is displayed each time run step 3 is
perf ermed . This serves as an orientation aid in ~npu tin g the data .

5. Press RCL 0, read I(xN,xfJ ) .
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APPENDIX G
S 

COMPUIER PROGRAM SYMBOI~~

Since the symbols used in the computer printout and in the progr am

internal logic are not necessar ily related or compatible , separate PRINTOUT
5 

and FORThAN symbol listings are given in this appendix.

PRINTOUT SYMBO lS USED IN TABLES I , II, III, IV, AND IX

Symbol Definition

A power-law camber line exponent a, see analysis symbols

A(0 ) ,A ( 1), etc . see analysis A~

BETA(O),BETA( 1 ),etc. see ana lysis 
~~

C denotes the central portion of the airfoil.

.05 < x < .975 over which a numerical integ ration

is performed (Table VII), see ana lysis ( )~~
CJ see analysis cj

C(0) ,C(i) ,etc . see analysis Cn
1)014 aee analysis l~Om
DD(0),DD( 1 ),etc. see analysis ~~~

DIP (O) , D D P ( 1) ,etc . read as “doe double prime,” see Dn
DELTA D(N) see ana lysis hDn

*~~nsra lly, the computer symbols have been defined in terms of the ana lysis S
symbols for which definitions are given at the beginning of the report. S
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PRINTO T SYMBOLS (Contd )

DELTA S see ana lysis ~S

D(N ) see analysis D~
S see analysis ~S

S E(0),E(1),etc . see analysis E~

ET(M) see analysis em

?T(M) see ana lysis f
15

H ( 0) , H ( 1 ) , etc . see ana lysis ;

f H(N) see ana lysis H~
S 

~S HC see ana lysis

1(N) see ana lysis I~
S ISCRPT see analysis C~O

KAPPA see analysis k

LCs read as “lower case sum,” see ana lysis s

IE deno tes the airfoil leading-edge region ,

0 < x < .05 (Table VII)
S RA see analysis ra

SDP read as “S double prime,” see analysis S” 
S

N-i
SUMI(N)A(N) E ~~~~~ see analysis symbols

N-i

* 
SUM I(N )C(N) E ~~~~~ see analysis symbols

n=0

I denotes the airfoil trailing—edge region,
S .975 < 0 < 10 ( Table VII ) S

S TOT denotes a total value

XI see analysis ~

147

5 5 ~~ 5 S 5 S S S ~~ * S 5 S  
—

5 - 5 -~~~~~~~~~~~~~ -~~~~~~~ _ __ r~~~~_**~~~
_
~~~______ 5*•~~*~ *_** ____5_ 

55 S5



y *_5 S55 5 5~ 5 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 

S

AFFDL—TR—77—63

PRINTOUT SYMBOLS (Contd )

YPDD(0),YPDD(1 ),etc . read as “y prime delta doe zero ,” etc.

i.e., y ’(1)bD0, see Eq. 11

YPIU~ equals y ’( 1) ( I ~ + AS) , see E q. 25

FORThAN SYMBOLS USED IN PROGRAM LOGIC AND PRINTOUT

Symbol Definition

A exponent “a” for basis power—law camber line
A(M ,N ) see analysis a

B(M,N) see analysis b~~

BETA see analysis B~
BETAC pr ogr am logic flag for collocation solution BETA

calculations

BETAQ prog ram logic flag for quadrature method BETA

calculations

N-i
B~~UM B I~ see analysis symbols

~=o
Bi }4/(14fl2 — 1), see analysis symbols

C seine as C in PRINTOUT SYMBOLS

C amn mn
CC same as C

CJ see analysis c~
CJVSE see program input definitions

CMPRAI see pr ogram input definitions

CONS T array of constants used in H and ~~CRPT calculations

1)011 see ana lysis Ac~
S D~~ S( )/DIVSR( )

DDT see EA below

148
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5 FOR TRAN SYMBOLS (Contd )

DIVSR divisor value array

DIVSRI divisor value input

E(LSE) denotes 0m + Xfm (in analysis symbols ) before simul-

taneous equations are solved and the Fouri er coefficients

An~ Dn, E~, etc . after the simultaneous equatio ns are

solved

EA(LSE) alternative symbol for Fourier coefficients, A~, Dm~
etc .

EB( ISE) alternative symbol for + Atm

EPS( IE,ISE) see analysis m

EPSI(LSE) see analysis e
~

ET(M) see analysis em
FIRST program logic flag identifying the first pass through

the program

FLAG program logic flag related to BETAQ

FN n , n = 1, 2, ---, N—l in analysis symbols

Pr (LE ,LSE ) see analysis ç
FTI(LSE) see analysis 

~~
H see analysis H

HC see analysis H (c)

HCINTR incremental HC value S

HEAD array containing all of the output page headings

}fEADE see program input definitions

HEADR see program input definitions

HEADI see program input definitions

HLZ see analysis (H~)~~

HTE see analysis (R
fl

) TE
error flag returned from simultaneous equation solver S
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FORTRAN SYMBOLS (Contd )

IINTR incremental ~~PTO value

IL see analysis

IN see analysis I,~

ISCRPT see anajysis ’~Q

ISP IU see ana lysis c~Q
( C )

1~ PTTE see analysis

ISPTTR see analysis ~~~~

KAPPA see analysis K

KHIE bracketed factor of y ’(O) in Eq. D-8

KHTE bracketed factor of y’(l) in Eq. D-20

ic riE bracketed factor of 7(
~
i) in Eq. D-8

KT1E bracketed factor of y(~ 2 ) in Eq. D-20

LAMBDA see analysis A

I.E a program loop variable related to XI or A

LL a program loop variable related to LAMBDA

LSE a program loop variabl e related to the number of

simultaneous equations

LSEA see LSE above

NE the number of Xl’s or A’ s

N~ 43 NE—3

N~ 411

NL the number of LAMBDA values

!~SE the number of simul taneous equations , see analysis N

OPTION see prog ram input definitions

PHI see ana lysis ~~

50
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FOR TRAN SYMBO LS (Cont d )

P1 ii (to 13 decimal places)

pLOLA power-law camber line exponent a, see ana lysis a

RA see analysis ra

SDP same as in PRINTOUT SYMBOLS

SKHLE bracketed factor of y ’(O) in Eq. D-9

SKH TE bracketed fac tor of y ’( i )  in Eq. D-21

SKTI E bracketed factor of y(g1 ) in Eq. D-9

SKTTE bracketed factor of y(~ 2) in Eq. D-21

SN sin n~~~, see ana lysis symbols

N—i
SUM IN E I En where En may be ar~’ one of the Fourier

n=O
coefficients , A~ , B~ , C~ , D~ , etc.

SUMIE( ) /DIVSR ( )

same as in PRINTOUT SYMBOLS

TOT same as in PRINTOUT SYMBOLS

VAR(LE) XI or A value array

VARI XI or A inpu t value

XI see ana lysis ~

I array of airfoil camber-line displacement coordinates

YPDD y ’(1 ) A D ~

YPIE slope of the camber line at the airfoil leading edge

YPT! slope of the camber line at the airfoil trailing edge

YPILUS equals y ’(1)(I~ + AS), see Eq. 25

51



S 5 S S 5~~~~~

S AFFDL—TR—77-63

APPENDTX H

D1~ITAL-COMPUTER PROGRAM

A listing of the program wr itten to calculate the parameters discussed

in this report is given in this appendix . The program is wr itten in

FORTRAN IV language and consists of a main program and two subroutines.

The program MAIN reads the input and performs the calculations. The

subroutine WRITE handles all of the output printing. The subroutine SiEQ

solves a set of simultaneous equations*. Since most computer systems have a

simultaneous-equations library routine , a listing of SIF~Q is not given. A

discussion of the output options and input parameters follows.

PROGRAM OUTPUT OPTIONS S

(1) Expanded output (A(M,N) and B(M,N) along with some intermediate calcuta-

tions are pr inted) . This option is principally for diagnostic purposes .

There is no example in the report . The option is implemented by setting

OPT ION = .TRUE .. AU other logic flags must equal the default values .

(2) Standard out put ( see Tables I , II , and Iv) . This is the default out put.

AU logic flags must equal the default values.

(3) Outpu t similar to standard outpu t but with XI varying at a constant value

of CJ ( see Table III) . This option is implemented by setting CJVSE =

.FAISE.. All other logic fLags must equal the default values .

( ii.) Output as in option (3) with value s of the airfoil ordinates ani

*The reader should note that in the argument list for subroutine SIEQ the
array, N, containing the column matrix is redefined during the subroutine
execution and is used to return the Fourier coefficients.
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the parameters H and INCRPT computed and printed (no example in rep ort ) .

This option is implemented by setting CJVS E = .FALSE. and CMPRAI = .TRIJE..

All other logic flags must equal the default values.

(5) Airfoil ordinates and the parameters H , ISCRPT , YPDD, and BETA for the 
S

quadrature method computed and printed (Tabl e VII is an example of this

type of printout except that the airfoil coordinates have been omitte d).

This option is implemented by setting CMPHAI = .IRUN • and BETAQ = .IRUE..

All other logic flags must equal the default values. For this output

option the first set of HEADI and $PAR.AM3 cards must be for the case of

where AD~ is defined in Eq. B-27.

(6) BETA output for thu collocation solution in the same format as option (2).

This option is implemented by setting BETAC = .TRUE. • All other logic S

flags must equal the default values.

PROGT’AM INPUT

For ease in use , the NAMELIST input format is employed to input all

numerical values. The input nastelists and heading card s must be in the

following order:

The NAMELIST Group-Name $PARAM1

NSE number of simultaneous equations

NL number of lambda values (mEd.mum of 30)

LA!1BDA(1) list of lambda val ues

Various output options are implemented by- the following logic flags when used

in accordance with the PROGRAM OUTPUT OPTIONS described above.

S CJVSE .TRUE. - output in the form of one XI for range of CJ ’ s (default)

.FALSE. - output in the form of one CJ for range of Xl’s

53
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CMPHAI .TRUE. - H’s and ISCRPT’s are calculated, requires $PAR AM2

.FALSE . - H’ s and ISCRPT’s are not calculated , $PARAM2 must

S not be present (default)

BETAC .TRU E . - Beta value s for collocation solution are calculated

•FALSB. - Beta values for collocati on solution are not

calculated (default)

~~ FAQ .TRUE . - Beta value s for quadrature method are calculated ,

requires CMPRAI = .TRtIE.

.FALSE. - Beta val ues for quadrature method are not calculated

(default)

OPTION •TRtJE. - A(M, N) and B(M,N) arrays are printed along with some

intermediate calculations

.FAISE. - A(M ,N) and B(M,N) arrays and intermediate calculations

are not printed (default)

The He ad ing Card HEADH

This card contains the heading used for the printout of the airfoil

coordinates and the parameters H and ISCRPT (maximum of 80 characters centered

on card)

The NAI1BLIST Grou p-Name $PARAM2

Y ( 1)  airfoil camber-line ordinates used with Xl’s , beginni ng with

XI = .05 and ending with XI = .975 (maximum of 30 values )

YPLE slope of the camber line at the airfoil leading edge

YPTE slope of the camber line at the airfoil tr ai l ing edge

PICLA power-law camber-line value
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The Heading Card HEADE
S This card contains two headings; one for the Fourier-coefficient arr ay

(maximum of 5 characters right justi fied in columns 1 -5) and a second one

S for the summation array (maximum of 1 5 char acters in columns 11-25 centered

about column 20)

The Heading Card s HEADI

Two mandatory cards are required to provide the headi ng f or the output pages

S (maximum of 136 characters; 80 columns of the first card and ~6 columns of

the second card ) . These card s must pr ecede eac h occurrence of the $PARAM3

namelist

The NAME LIST Grou p-Name $PARAM3

S VARI XI or the parameter A f or the power-law camber line

DIVERI divisor value for corresponding VARI value

EPSI(1) represents the analysis symbol em

FTI(1) represents the analysis symbol tm

The HEADI and $PARAM3 namelist cards are repeated for each XI or A.

PROGRAM LISTING

The pr ogr am listing is given on the following pages.

— 
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PROGRAM MAI N

j PROGRAM MA tN (INPUT ,OUTP ’JT ,TAPE 5=INPUT ,TApE 6~ 0U TP U T ,PUNC M)
REAL LA HBDA ,KAPPA ,IL, IN
REAL ISPTC ,IINTR ,ISPTLE ,ISPTTE,ISCRPT ,K TL~~,K HLE, KTTE ,KH TE
CO MMO N /ALL/A (9,9) ,B (9,9) ,C(9,9) ,CC(9,9) ,E (9) ,EB (9) ,CJ (9)

5 1,EA(30 ,9),EPS (30 ,9) ,FT(30,9) ,HEAO(30 ,17),00P(30 ,9),SUMIE (30) ,SDP ( 3
20 ,OIJSR(30 ,JAR (30),C JJSE ,LA Ma DA( 3 0) ,NSE,NL ,NE,OPT ION ,FI RST
3,HC (9),ISPTC, Y (30),CM PMA I,HLE( 9) ,HTE(9),H (9),ISPT LE, ISPTTE ,ISCRPT

S 4,HEAOE( 5) ,PLCLA ,HEAD H (jO) ,BETAQ ,BETAC ,BETA (9) ,YPDD( 9),FLAG,DCM
5,KAPPA ,RA,DS ( 30) ,OC MA SK ,YPI LOS

10 INTEGER PL C LA
S 

DI MENSION EPSI (9),FTI( 9),IN (9),HEAD I(1fl,CO NST(1O) ,00T (30,9)
LOGICAL OPT ION,CJVSE,FIRST ,CMP HAI ,BETAQ, BETAC, F L A G
NA IIELIST /PARAM1/NSE ,NL ,OPTl ON ,LANa OA ,CJJ$E,CMPHAI,B ~ TA Q,BE TA C
NA MEL IST /PARA M 2/Y ,YPLE, YPTE ,PLCLA

15 NAIELI ST /PARA M 3/DIV SRI,E PSI ,F T I ,V ARI, KAPFA
DATA CONST/2 . 1337, 0. 82274,0.13977,—0 .0082727,1.12293,

A2 .95269,0.23779 ,0.0059’.475,—0.0~ 75962,—O.i2O77f
DATA IN/1.71é815 , 1.132741,0. 401184, 0.19822~ , 0.116654, 0.076’.05 ,

A0.053769 ,0.039634,0. 030666/
20 C

C’••~ • INITIA LIZE LOGIC FLAGS
C

S FLAG : .FAL S E.
OPT ION~. .FA LS . .

25 CJV S~ = .TRUc. .
CMPHAI . FA LSL .S 
61TA C~~. FA L S c .
BET A Q= .FALSE .
F 1i~ST • JR UE.

30 KAPPA= 1.E60
C

S C ’ ~~ D E FI N ITI ON S
S C

35 P1 3.1415926535896
1L (16./PI) (i.— A L O G ( 2 . ) )

C
40 C~~ R E A D  Z NPU T D A T A

C
Rt~AD (5 ,PAR4M1)
IF (Bt TA ~ ) FLA G ~ .TRUE .
IF(C M PMAI )  REA D 5,1 i00)  (h 40H( I) ,I= 1,10)

45 IF (GMPI-1A I~ REAO( 5, PA R A M2 )
REAO (5, 111 0) (NEAO E( I) ,I i,5)

10 R EA O (5 ,liOO ) (NEAO I (I),I ~~1,iT)
IF (E OF (~~)) aO, 12

12 NE~ NE+1
50 RLAD (5, PA RA I I3)

C
DEFINE INPUT DATA A R R A Y S

C
V AR (NE) = V A RI

55 O1V SR (NE J~~O IVSR I
S D O 20 LSE:t,NSc.

S j EPS(N E, LS E) = E P S I ( L S E )

56 
BEST AVA1L4C~ c:v 
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PROGRAM MAIN

20 FT (NE ,LSc ) FTI (LSE )
DC 30 K 1,17

60 30 N LAO (NE,K )=HEAO I(K )
IF(FLAG ) GO TO 40

35 IF (tuF ( )) “0,10

~0 CONTINUES 
C

65 ~~~~~~ CALCU LATE A (M ,N)’S AND ~ (M ,N)’S
C

DO 90 M=1,NSE
PHI = ((M -i) P1)/NSE
A( tl ,i) SINIPHI)

70 B( M ,i)
00 90 N 2 , NSE
FN = N— i
SN = SIN (FN’PHI)
A(M ,N) = (1. + COS (PHI))~~SN

75 81 = 4./(’.. FN~FN — 1.)
90 B (M ,N ) = B1’ (COS (FN PHI) + 2.~~FN~~(TAN (PHI/2 .)’SN) )

C
C~~~~’ TEST FOR EXTE NDED OUTPUT OPTION

IF (OPT ION ) GO TO 95
C
C ’  TEST FOR OUTPUT IN FORM ALL CJ’S FOR SINGLE XI

IF (.NOT.CJV SE ) GO TO 180
C

i~ RE FOR LA MBDA ’S JARYING FIRS T THEN XI’S
85 C

95 CONTINUE
DO 160 LE I ,NE
DC 150 LL I,NL
CJ (LL )=4 . /LAMBOA( LL )

90 Du 110 LSE=i ,NSE
DC 100 LSEA I,NSE
C(LS E ,LSEA ) =A( LSE, L SEA) +LAM BDA LLL )’B( LS E, LSEA)

100 CC (LSE ,LSEA)=C (LSE ,LSEA)
E (LSt.) c.PS( Lt. ,LSE) +LAMBDA (LL)’FT (Lt, LSE)

95 110 ~k (LSE) E(LSE )

~~~~~~ CA LL jIMU L TA N E OUS EQUATIO N SOLVER
Ct~LL SLEQ (C,c.,NSE,IER)
IF (1t~~.EQ .L) WRITE (6,10083
SU t-~IE (L L) =0.

100 00 120 LSE 1,NSE
t.A (LL ,LSE) E (LSE)
IF (F LAG ) D0T (LL ,LS~ ) =E (LS~ )
SU MIL ( L L )  = S U M I i ( L l ) + I N ( L S E)~~E (1 SE)
IF ( F LA b I  OS ( LL I SU MIE( LL )

105 IF( .NOT.B ETA C ) GO TO 120
PLCLA VA R (Lii
RA=1 ./( KAP PA ((1./PLCLA)”(P LCLA/(P LCLA—1 .)) (1./PLCLA)~~

1 (1./ (Pi.CLA—i . )))

~A (LL ,LSE~~~CRA/ 4.) EA(LL ,LSE)
11 0 120 CONTINUES 

IF (EE TA C ) ~UMIE (LL) — RA ~~((i.—PL LA ) IL..25~SU NIE( LL )J
IF (O IV SR (Li).EQ.i,) GO io i~.o S

00 130 LSE L, NSE
130 UOP (LL ,LSE )~~~(LSE)/O I ISR (LE)

BEST AVAJUI~S
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PROG RAM MAIN

115 S DP( LL) S U MIc ( LL)/O IVSR ( L E)
11.0 CONTINUE

IF  O P T I O N  IS TRUL E X T t . N D E O  OUTPUT IS GIVEN
I F t O P T I O N )  CALL WRITcJLL,LL)

150 t UNTINUE
12 0 C~~~~~’ IF OPT ION IS FALSE SI A N O A R O  OUTPUT IN FORM

C”~~~’ ALL C J S  FOR SINGL E XI IS GIVEN
S I F ( . N O T . O P T ION) CALL WR I T~~(LE,NL)

lE O CONTINUE
IF (.NOT.FLAG ) GO TO 280

125 FLAG= .FALS~ .
N E 0
CJISL = .FALS1..
GO TO 10

160 ~LNTIN UE
130 C

C’~~~~ H~RE FOR STANDARD OUTPUT IN FOR M

~~~~~~ AL L XI’S FOR SINGLE CJ
C

DO 260 L L I ,NL
135 CJ (LL)~~../LAMBDA(LL)

00 250 LE I,NE
00 210 LSE I,NSE
DO 200 LSEA I,NSE
C( LS E,LS~.A ) A ( L S E , L S E A ) + L A M B OA ( L L ) B( LSE,LS EA )

140 200 CC (LSE ,LSEA)=C (LSE, & .SEA )
.(LSt )~~~PS ( Lc , LS E) + L A M B C A ( L L ) FT( LE ,LSE)

210 ~.6(LSE)=E(LSE )
Cf’ ’ CALL SI MULTANEOUS EQUATION SOLVER

CALL SLEQ (C,E,NSE,IER)
145 IF (IER.EQ .1) WR IT E (5 , 1008)

SUMIE (LE) 0.
00 220 LSE 1,NSE

S EA (LE,LSE)=E (LSE)
220 SUMXE (LE) SUMIE(LE).IN (LS~ )’E(LSE)

150 IF (DIJSR (LE).~~Q.1.) GO TO 250
DC 230 LSt~~1,NS E

230 OO P (Lc, LSE )=E (LSE )/O IVSR (LE )
SOP ILE ) SUNIL (LE) /0! VSR(L E )

2~ 0 CONTINUE
155 IF( .NOT .CMP HAI )  GO TO 258

C
C ’  HERE FOR CALCULATION OF H(C)’S AND SCRIPT I’S
C

S NEM4 N~ -4 S

160 DO 25’. LSE 1,N SE
NC ILSE) 0.
DO 253 JP4 1,NEMI
IF (J N .NE .1) GO TO 252
YOi =Y (JN) DOP (JN +1 ,LSE)

165 YD 2=Y (JN +i )~~D0P(J N+2 ,LSE )
YCJ Y (JN +2) ~DDP(JN $3 ,LSE )
X21=VAR (J N+2) —VAR(JN +1 )
X J2=VA R(JN +3 —V AR(JN + 2 )
X3 1=VAR (JN +3) —V AR(JN +1 )

170 NC INTR (X21/b .) (6.~~YD 1+(2 .+(X3i/X32)) ’ (Y02 YDi)— (X2 i ’2
A/ (X 31’X32 ) )  ‘ (Y O J — Y O i ) )

58 BEST AVA1LA8L~ COPY
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PROG RAM MAIN

GC TO 2t ,3
2!~2 YD1~~Y (JN 1 ) u0P (JN,LSE )

Y02 Y  IJN ) UOP (JN+ 1 ,LSE)
175 Y L3 Y (J N+ l) ’ DUP(J N+2 ,LS~.)X 1 2=VA rU JN ) VA R(JN+ 1)

X 1.~:VAR( J N) — V AR (JN+ 2 )
X32 1AR (JN+2) —I AR(J N+i )
HC 1NT ~~= (X32/6.)~~(6.~~YO2+ (2+ (X12/X 13 )) (YD 3— YD2) —(X 32 ’Z

180 A / ( X j 2 ~~X 13fl~~( Y D i — V O 2 ) )
253 HC (LStJ NC(L ~ E)+HCIN TR

KT LL CONST (1) 1.A (i,L SE )+CONST(2 ) EA (2 ,LSE )
i(HLL CO NST (3)~~.A( 1 ,LSE )+CQN ST (’ .i’EA(2,L SE)
H LL (LS~ ) KTLC. Y (1) +KHL E YPLE

185 KTT I=CO t4S T(5)~~EA (N~.—2, LS~.)+CONST (6) EA (NL—1 ,LSE) ,CONST(7) EA (NE ,
AL SI>
KHTL= CON ST (8) ~_ A ( N~ —2 ,LSE) +CON ST (9)’EA(N E I,LSE) +CONST (1U )~~EA (NE ,

AL S.. )
HT . (LSE ) KTT~~ Y(N E— 3 ) +KH TE~ Y P T E

190 H (LS~~) =H LE (LSE) +HC (LSE)+HTE(LSE)
25’. C ONTINUE

ISPTC O .
00 2 56 JN=1,NEII’.
IF(JN.NE.1) GO TO 235

195 YS 1 Y (JN )~~SDP(JN + 1)
YS2 Y (JN +i) ~SDP (JN +2)
YS3 Y (JN+2 ) ~SJP (JN+3)
X2 1=V A R( JN +2) — V AR(JN+ 1)
X32 V AR (JN + 3 ) — VA R (JN+ 2 )

ZOO X 3 1=JA R (JN +3)—J AR (JN+ 1 )
I1 N IR (X21/6. >‘ (6.~~YS i.(2.+ (X31/X32 ) ) (Y52—Y SI)— (X21 ’2

A / (x J1— X J2 ))~~(Y S3—YSi )
GO TO 256

255 YS 1=Y (JN—1 )~~SOP (JN )
205 YS2 = Y (JN ) ~SD P (JN+1)

Y S~ :Y (JN+1) SDP (JN+ 2 )
X1 2 = JA R (JN) —J AR (JN+ 1)
X 13 =VAR( JN ) —VA R (JN+ 2 )
X32 =VA R( J N+2) — V A R ( J N + i )

~1 U I1~ TR (X 32/6.) (6. YS2+ (2 .+ (X12lX 13) ) (YS3 Y S2)— (X 32~~~2
A/ (Xl2 ~ X 13) ) ~( YS I— YS2))

25 6 ISPTC= 1SPT~ .-I INTR
SKTL E CONST (L) SUMI E (i )+CONS T (21’SUMIE (2)
SKHLt. CONST (3) SUMIE (1)+CONST (4) ’SUNIE (2 )

215 I$PTL~~=SKT L~ 4Y (1) +SKHLE~~YPL~
SK TE CONS I (5 )’SUM IE (NL— 2 )+CONST(6 ) SUM IC(N E 1)+CONST( ?F SUMIL( NE )

HTE CUN ST( 8)~~SUMIE (N~.— 2 ) +CONSTt9 ) SUMIE (NE—1 )+CON ST~~10)’SUNIE (NE
1)

S ISPTT 1.=SKT 1~~~Y (NE—3) +SKHTE YPTE
220 ISCRPT=I S PTL~ +ISPTC+ ISPTTi

S LF (.NOT .BETAQ ) GO TO 256
C
~~~~~~ H .RE FOR QUA DRATUR E ME THOD dEJA CAL CULATIO N S
C

225 YPILDS=YPT ...~~(I L+O S (LL ))
DC I4=— Y ?ILO~ +I SCRPT S

31SUM= 0 .
DO 257 LS~~~1,NSE 

S

BEST AVAIL.&3 j  CC~Y
_ _ _ _ _ _  S -~~~ S -

~~



_ _ _ _ _  S _ _ _ _ _ _ _ _ _ _

AFFDL—TR—77—63

PROGRAM MAIN

YPC~D (LSE) =YPT E~ OOT (LL ,LSL)
230 TA (LSo.)=YPODftSE)—H (LSE.)

2~~7 t3ISUM=bISUM+BETA (LSE )41N (LSE )
0Cf1ASK~ - Y PTE ~ IL— O I SU M

C
S C

235 2~’8 CONTINU E
CA LL W RI TEUIE ,LL)

2 E 0  CcINT INUc
280 CONTINUE

C
2’+0 C

C
1008 FOKMA T (8)1 I~..R = 1)
1100 FO RMA T (1O A ~ )1110 F O R M A T  (A 5  , 5X , A i 0 , A 5 , 5 X ,A~~,5X , A 5)

2~ 5 1120 FORMAT( 1X,A5,5X, A 1O ,A5,SX ,A5,5X ,A5 )
1130 FCRMAT (IX, 10A8 )

ST OP
EPiO

nrCT A 1l P~~ 
~~~~~~~~~ ‘

6o bL) I !~V!-tLa Ld~~..

~~5 5 5 S
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S 

SU 3ROU TIPIE WR IT~

1 SUCRO UT INE WR ITE (LE,LL )
CO flMON /ALL /A(9 ,9) ,3 (9,9) (~~,9),CC (9,9),L (9),EB(9) ,~~JU )

1,EA (30,~~),_ PS( 3D ,9),FT (30 ,9) ,KEAD (30,i 7) ,DOP(30, ’~),SU MIE(S0 ),SOP (3
20) ,D I V ~ R ( 30) , VA R (30) ,CJVS.. ,LAMI3DA (30) ,NSE ,NL , Nc OPT IQN,F IRST

5 3,HL(9),ISPTC, Y(3O) ,CMPNA I ,HLE (~~~,HTE(9 ,H(9) ,ISPTLE,LSFTT1.,ISCRPT
4,h 1ADE(5) ,PLCLA ,HEADM(i0 ),6~ TA Q,dE TAC ,BETA (9) ,YPDJ(9 ) ,FLAG, DC ’I
5, KM PPA ,RA ,OS( 30), D CM A SK , YRI L O S
INT LGE R HE4O~.,PLCL A ,HEAD H
LOG ICAL OPT IO’ .,CJVSE,FIRST ,CMFNA I ,BETAU, 8ETAC , FL AG

10 REML LAMBDA ,KAPPA
Rt AL I5PTC, ISPTLc~,ISPTTL,ISCRPT

C
NL I ? 3 : N 1 . —3

I-

lb C ’ ’~~ T~ ST FOR ~X TEN O~ D OUTPUT OPTION
C

IF (.NOT.OPT ION ) GO T O 200
IF (.NOT .FIRST ) GO TO 130
F1isST = .FA LSE . S

20 I h 0
C
~~~~~~ PR INTS A ( M ,N) ’ S  A N DO ( M ,N) ’S  (ONL Y ON CE) S

C S

W R IT .(b,1010)
25 DC 110 LS1.=1,NSE

110 ~~T~.(b, 1C03) ~A (L ,LS ),LSEA= 1,~ SE)
W RIT . (6, 1011)
DC 120 LS~~~1,NSr. S

120 WR 1TE (6,1033 ) (B(L SE ,LSEA) ,.SEA I,NSE)
30 C

~~~~~~ H~ RL TO PRI NT OUTPUT IN EXTEND ED FORM
C

5 130 IF(2 (LL/2) .NE .LL) WRITt:.(B ,1 095) S

Wr ~1TE ( G , i 1a2
S 

3~, WRIT ..(b, l lJ i)  ( H EA D ( L E,I) ,I=1,17)
.4R1T~~(6,10)9) VAR( L .) ,01V3 ’ULE) ,LA MBO A (LL ) ,CJ(LL )
W k ITE (6,1 09d) (~ PS(LE ,LS i ,LSE 1,NSE)
W k i T E ( 6 , i 0 ~~7) (FT(L .,LSE ),L S~~~1,NSE ) 

S

v1F~IT~~(ã ,1O9o )  ( E B ( L S E ) , L S E : 1 , NS~.)

‘.0 W R I T ( o , 1 0 1 2 )
WkI1E ~ â,1003) ( (CC (LSE ,LS~ A), LS...A 1,NSE )~~LSE i ,NSE )
WkI T i~.(b ,1 0j3) ( H E A J E ( 1 ) , I : 1 , ~~ J , ( r 4 ~~A D E ( I ) , I = 2 , 3 )

S WR1T ...(6,10i0) (EA (LL,LS E ) ,LS~~~i, NS~.) ,SUMIE (LL)
1 F ( C I V S R ( L_ ) . . U . 1 . )  laO TO 1 J

‘.5 WR 11i.(b,1010)
S W kIT~.(6 ,1030 )  ( UOP ( LL ,LS ) ,LS E 1,U~~J,SDP( LL)  

S

150 CONTINU E
RETUR N

C
50 C

S 2U0 C CNTI NU ~
IF (.NOT .FIRST ) GO TO 20’.
LF (F LAG) GJ To 205
FIr~ST= .FALSL.

55 IF( .NOT.~~MPNA I) G )  TO 2 0 ’
C S

~~~~~~ H~ R~ TO PRINT ~ LRFOIL ~ A M BEi~ LINE COOi~O I NATcS
‘S

61 
BEST AV~ILA2,~E CWy
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S UBROUTINE WRITE

C
W R IT E ( 6 , i 0~~5)

60 WR 1T E(6 , i0 01) ( H EA D H( I ) , I ’ i , l O )
00 203 Jz1, NE M3

203 NRIT E(6 , 1002) V A R (J + i ) ,Y ( J )
204 I F( BET A Q )  GO TO 400

C
65 ~~~~~~ HERE TO PRINT S IANOAS O OUTPUT

C
205 CONTINUE

WRITE (6, 1095)
IF( .NOT.CJJSE ) GO TO 300

70 C
C ’  HERE FOR ALL CJ’S FOR SINGLE XI
C

W R IT E(6 ,1101 )  (H EAD (LE ,I),I 1,17
WR IT c . ( b , 110 3 )  V A R ( L E ) , D IV S R ( L E )

75 I F ( B ETAC )  W R IT E ( 6 , 1 1 2 8 )  RA
W R I T E ( 6 , 1098> ( EPS ( L E ,L S E) , LS E I, NSE)
W R I T L ( 6 , 1 0 3 7 )  (FT ( LE ,LS E) ,L SE 1, NSE)
I F ( . N O T . B E T A C ) GO TO 207
HLA UE( i ) 5H BETA

80 HLA DE (2 )Z I O H  0CM
NLA DE (3) 5M

207  W R ITE(b,1i1.. ) ( H E A O E ( 1 ) , 1 1,9) , (HEAOE( I) , I :2 , 3)
00 210 N 1, NL

210 W R I T E ( 6 , 1 0 S 3 )  C J ( N) , ( E A ( N , L S E ) ,LS = i , NS~~), SUNIE(N)
6 5 I F( O I IS R( L t ) . EQ . i . )  GO TO 250

S W R I T E ( 6 , 1 0 3 5 )
b4RI T E(6, 110 i )  ( i -4E AD ( LE , I )  ,I=1,17)
WR ITE (6 , 1103)  V4R~ LE) ,0 IV S R( L E )
WR 1T E(6, i0)8)  ( EPS ( L E,LS E) ,LS E I,NSE)

90 W R IT t ( 6 , 1 0 - ~7) (FT ( LE , LS E> , L S E I, NSE)
S 

WR ITE (6,1112)
S DC 220 N 1,NL

220 W R I T E( 6 , i 0 3 3 )  CJ(N),(ODP (N,LSE1,LSE21,NSEI,SOP(N)
25 0 CONTINUE

95 RETURN
C
C

MER E FOR ALL X I ’ S  FOR SINGL E C.)
C

100 300 WR IT E(6 , iiO i) ( H E A D ( L E , I ) , I i ,17)
WR IT E(6 , i t 0 7 )  CJ (LL )

• v4k l T E ô, IiiS) ( H E A D 1 .( i ) , I : 1 ,9 ) ,( H E A O E ( I ) , 1 z2 ,3 )
S DO 310 N :1,NE

310 W R I T E( 6 , 1 0 3 3 )  J A R ( N ) , ( EA ( N , L S E) , L S E ’ i , NS E) , S U H I E ( N)
t 105 IF( DIVS R( L~~).EQ.i.) GO TO 380

W R I T E( 6 ,  1095)
W R I T E( 6 , 1 1 0 i )  ( H E A D ( L E , I )  .1=1,17)
I F( H EA D E( 1 ) . EQ . 5 H  B E T A )  W R I T E( 6 , 1 1 2 5 )
IF(CMPHA I)  W R IT E ( b , 1 0 0 4 )

110 W R I T E ( 6 , 110 7) CJ ( L L )
WRITE (6, 1113)
00 3’.0 N 1,NE

34 0 W R IT E ( 6 , 1033) VA R( NI~~( C OP ( N ,LS E) , LSE i,NS E) ,SDP( NI
IF (.NOT .CNPHAI) GO TO 380

I

62 BEST AVA ~DL~ ~7?
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S SU8ROUT INc . WRI T c .

115 Wkl T t . (6 ,1120)
v$F~1Ic. (b,1t21) (HLE (LSE) ,LSE 1,N SL) ,ISPTLE
W R I T c . (o ,1122 )  ( H C ( L S E ) , L S E I , NSc.) ,ISPTC
Wk1T~.(b ,112 3) (HTE (LSE ) ,LS c . 1 ,N SE),ISPTTE
W FITE (6 ,1121.) (H(LSE) ,LS ~~~1,NSE) ,1SCRPT

120 380 ~ OH TIN UE
RETURN

C
C

HERE IF PRINTING ONLY H ,1SCRPT , YP OO, BETA , AND 0 CM
125 C

4 00  CON TINUc .
IF ((I H/J)’S.NE.IH.AND.l fl .NE.O ) ~O TO 410
W Fc1TE (ô ,10~ 5)

S W R1 Tc. (o ,1129)
130 W R ITE (6, 100’.)

W RIT E ( ä , 1 0 0 0 )  ( H EA D H ( I )  , I = i, 10)
410 C OPI TINUE

IH IH+1
,4RI T~.t o,111?) CJ(LL )

135 WRI TL (b ,1120 )
S W R 1TE (6 ,1121) (NLL(LSE ),LSE 1,NS~J ,ISPTLE
S I4R1TL (6~ i122) (HC(LSL), LSE 1,NSE) ,ISPTC

WP1 TE (o~~i123) (HTE (LSE),L SE 1,NSE) ,I SPTTE
VIR1 T E(b, 112’.) ( H( LS~J,LSc. i,NSE) ,ISCRPT

11.0 WRI TE(6 , 11263 (YPDDCLS L ) ,LS... 1,NSE) ,YPILDS
WRI Tc. (o ,i12?) (B E TA ILSE ) ,LS I,NSE) ,DCM
WF ~ITE (6, i13O ) OCMA S$(

5 00  CC PJ T INUE
R E T U R N

11.5 C
C

999 F ORN AT (1X ,10A 8 )
1000 FORPIA T ( I O A B )
1001 FOR MA T ( 2 6 X ,10 A8/

150 A~~0X ,31HAI RF OI L CAMBER LIN E I~JORDI NA TL S /
852X ,27 HFOR MC RANG E OF INTEGRA T ION //
C~~7X , IHX , 18X , t HY)

1002 FORMA T ( .+ 8 X ,F14.9,5X ,Fi2. 7)
1003 FOF .MA T ( 1X ,~~F12.b)

155 1001. FOR MA T (/2b R M C RANG E t X I= .05 TO .975)
1010 FORMA T ( T r 4 t A ( 9 , 9) ,j 0 1 .X , lA i J ,4 X , t A l O,/ )
1011 FCRMA T (I/TN 8(9,9) I)
1012 FOR MAT (23H A (I, J) + LA MBU A U (I,..’)f)
1013 FORMAT( /4X, A5 ,3H(0) ,5X , A5,3 11(i) ,5X ,A5, 3H (2) ,5X ,45,JM (3),

ibO ASX ,A7 ,3M (1.) ,,X ,A 5,3M (5) ,5* ,Ab,3H (b),5X , A5 ,3M (?),5X ,A5,3 H (8),
B.. X , 410 ,A 5/)

1016 FORMAT (/6X, 6HDOP(0) ,?X, 8HDDP (1) ,7X ,6HDOP (2),7X ,5 1400P (3) ,
A 7X ,6 HOUP (..),TX,6HD0P(5),7X ,6MD0~’(oI ,?X ,6HODP (7),7X, 6HJDP(d) ,
d1 2X ,~~HSDP/ )

165 1030 F O R M A T ( I X , -3F13. 7, SX ,F i3 .7)
1033 FOk M A T ( I X  ,F9. 5 ,2X ,9F12.7 , 4 X ,Ft1 . 6)
1095 FORMAT (I HI , IIOX,1 410 ,i.X,141 0,/////)
1098 FO RMAT (/19t1 E T ( M ) + LA N B O A FT (M) , / IX ,9F12 .5 /)  S

1057 FO RMA T I /6H FT ( M) ,9 F12 .5 )
170 1098 FORM AT (/6H  E T ( M ) ,9 F t 2 , 5 )

1099 F0NMAT (IA,1’ .I1(XI) OR (A) ,F12.1,

r�~ci A 1!PI!~~~ ’ ~~~LPLJ I ~v i-u~j ib~i. LLi~ S

63
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SUBROUTI NE W R ITL

S 2 8 X ,7H DIV SR ,F12.~~,5X ,13M LAMB DA = ,Fj 2 .5 , IOX ,6 H C.) =
AF 12.5 )

1101 FC R PIAT ( IX ,17A8)
175 1102 F C R M A T ( 1X , I J S H + + + + + + s 4 + + + + + + $ + + + + + + + + + + + + + + + + + + + + + + + + $ + + + + + + + + + $ + +

1103 F C R M A T ( 1 O X ,9HXI OR A :,F12.~~,1OX ,8.1 UIVSR = ,F12.9)
1107 FOR MA T (~~X ,5HCJ ,FiO. E)

1~~O 1112 FCRMAT (/6X, 2HCJ,9X ,6 HDOP(0) ,6X ,óHOJP (1),6X,6rIDDP(2) ,6X ,Ôh IDDP (3) ,
A oX ,bMD DP (..) ,bX,SHODP(5) , bX ,6NOOP(b ) ,6X ,GHODP (7),6X ,6M30P(8),
310X ,’.H sOP!) 

S

1113 FO R M A T ( / 6 X ,2H X I , 9 X , 6 H O C P ( 0 ) , 6 X ,6 H O D P ( i ) , 6X ,6HDDP ( 2) ,6X ,6MO DP(3 ) ,
A SX ,bl-400P(’. ) ,6X ,6HDD P ( 5 ) , 6 X ,6HDDP (6 ) ,6X, IaH DO P( 7 ) ,bX ,6 HD DP( 8) ,

185 B 1OX, 1.H SDP/ )
11 11. FORM A T&bX ,2HCJ, TX ,45,3H 0) ,4X, A5 ,3IU1),4X,A5, 3N 2) ,4X ,A5 ,SH(3) S

A ,4X ,A 5 ,3H (’.),’.X,A 5 ,3H(5),..X ,A5 ,J rl (6) ,4X ,A5, 3H(7) ,4X ,A5,3H (8), S

33X,A 10 ,A5/)
1115 FO R M A T (/ 6 X , 2 H X I , 7X , A 5 ,3 H ( J ) , ’ .X ,A 5,3H( 1) , 4 X ,45,3H(2 )  , 4X , A 5 , 3 H (3 )

190 A, 1.X , A 5 , J H ( . . ) , ’ .X,A 5 , 3 H ( 5 ) , .X , A~~,3 H ( 6 ) , 4X ,A 5 ,3H( 7 ) , 4 X , A 5 , 3 H( 8 ) ,  S

B3X ,A 1U, A 5/ )  S

111 7 FORM AT( /1X SHCJ = ,F1 0.6)
112 0 FVRMA T (/ 1OX ,’.HH (O) ,8X ,4HH(1),8X ,’.HH(2),8X ,1.F$H(3) ,8X,1.MH(’.),

A B X ,i.HH(5),BX ,4NN (b),8X,1. HH (7),8X ,1.HH(8),11.X,6HISCRPT)
195 1121 FOi* IAT (4H L L ,9 F12.1 , 3X , 3rI LE ,F13.6)

1122 F O R M A T ( 4 H  C ,5F12.7 ,3 X , 3 NC  ,F13.b)
1123 FORM A T ( 1 .H  h , 9 F 12 .7 , 3 X , 3’ IT_ ,Fi3.6)
112’. FOR MAT ( ’ . H T OT ,9F12.7 ,3X ,3HTOT,F13 .6, /)
1125 FURM AT (IX, 9HKAPPA = 1)

200 1126 F O R M A T ( 9 X , T H Y P 1 ) D ( 0 ) , 5X ,7 HYP DD ( 1 ) ,5X ,7 MYP DD( 2 ) ,5X ,7H YPD Q ( 3 ) ,
A 5X ,7H’tPDD(.), 5X,7HYPOD (5) ,5X, 7HYPJO (6) ,5X ,THYPDD(? ) ,5X ,
dTH~vPOO (8) ,12X ,6HYP ILDS ,/’.X, 9F12. T ,6X, F13.6/)

1127 F O R M A T ( 9 X ,?HB E T A ( 0 ) , B X , T H B E T A ( 1 )  ,~~X , 7 H 6 E T A (2 ) , 5X ,7 H BETA (J ) ,
A 5X ,7MB ETA( ,),5X ,TH 3ETA (5) , 5X ,TH3ETA (6) ,5X,THBE TA (7) ,5X ,

205 87H&E TA (8) ,L1.X ,3HDCM/ ’.X,9F12 .7,6X ,F1 3.6) S

1128 F G R M A T ( / I O X , ’.HRA = ,F1 2 . ? )  S

1129 FGR MAT(3 9H P4 (N) AND Bc. TA (N) COEFF~ CIENTS A ND SUM S )
1130 FOR PIA T ( I18X ,F13.6,1H’ )

END
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