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ABSTRACT

A computer program has been developed for determining the
subsonic pressure, force and moment coefficients for a fuselage-
Lype body using slender body theory. The program is suitable
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istics of such bodies in the linear range where viscous effects
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capable of treating cross sections with corners or regions of
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SUMMARY

A computer program has been developed to determine the subsonic
pressure, force and moment coeificicnts based on slender body theory for
bodies of arbitrary cross section. The program is based on the integral
repiesentation of the poteatial in which the flow in the crossflow plane is.
cousidered to be induced sources -distributed about the cross sectic;nf:.;x
boundary. Analytical expressions are derived for © and its derivatives
and the integrals appearing in these are evaluated by dividing each cross
sectional boundary into straight- line segments approximating the integrands
over these segments, Results for pressure force and moment cocfficicnts
have been obtained for circular cone and ogive bodies and compared vrith
analytical determinations from slender body theqry. Results are alsn
obtained for a typical "slab-sided" fuselage.

In Part 1II modifications have been developed which extend th~
applicability of the program in Pa t II to crossections with corners or local

regions of high curvature,



INTRODUCTION

Computerization of aerodynamic theory has progressed to a point
where the flow field analysis of complete aircraft configurations by a
single program is now an attainable goal. Programs designed for ‘this
purpose do in fact exist, but predictably they are extremely large and
abound with subtleties often nct evident to the user. Generally, each new
application undergoes a '"debugging' stage which may in i.relf constitute
a major effort. Much of the complexity of these programs is attributable
to the level of precision of the underlying theory. Although often impres-
sive, this precision is not always required. In some stages of preliminary
design, for instance, it would be more desirable to sacrifice precision for
simplicity. One approach in this spirit is to replace the commonly
employed exact superposition method which pan’elé the entire aircraft sur-
face, placing appropriate singularities at each panel, with linearized
theories involving only solutions of a local two-dimensicnal potential equa-
tion. In the exact theories a determination of the singularity strengths
required to satisfy boundary conditions leads to the necessity of inverting
very large matrices. The quasi-two-dimensional nature of linearized
theories on the other hand considerably reduces the size of the matrices
encountered and consequently places far less demand upon computer capa-
bilities.

It is the purpose here to develop programs based or slender body
theory, utilizing two-dimensional singularities distributed along a cioss
sectionil contour to solve for the required potential function in the cross
flow plane. Such an approach is felt to be particularly adaptatle to the
formulation of the interaction problems encountered in ‘he analysis of

complete aircraft configurations.
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SYMBOLS
Coefficient of doublet term in expansion of complex Potential W.
Cross sectional boundary at station x .
Lift and side force coefficients.
Pitchrand ¥aw moment coefficients about nose of body.
Cross sectional boundary at x = x -
Pressure coefficient (p - po)/(DUQ/Z)
Horizontal and Vertical Force components for body of unit length.
Function of x derived from outer sol}),t_ion to potential equation,
Radius of curvature of cross sectional boundary.
Index of points along cross sectional boundary C.
Segment of C from i to i+l.
Total number of segments into which C is divided.
Length of segment 4, i+l on Cn.
Mach number
Components of moments about nose for body cf unit length,
Inner unit normal to segment i,i+l,.

Total number of stations x
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p0
q2
R(i, j, n)

R(i. j.n)

y,2

Pressure

Free Stream Pressure

v+ w2

Displacement from pt P, to pt P, onC .
i,n j, n

Vector displacement from P, to P/
1’ n J’

n

Distance along Cn.

Cross sectional area.

Unit tangent to segment i,i41,

Fiee Stream Velocity.

Normalized Radial Polar Coordinate.

Normalized y component of velocity in wind azes.
Normalized z component of velocity in wind axes.
Normalized Complex Potential Function,
Normalized Longitudinal Function,

Wind axed coordinates in transverse plane.

y + iz

Complex location of cross sectional centroid.

Angle of attack.,



B 1-M
() Differential corresponding to displacement normal to C,:

6(i, j, n) Angle subtended by i,i+L at pt. j at station Xn . (see Fig, 3)

€ Angular Polar coordinate.

c 2 Dimensional source density,

" Value of 8 at point Pi, n°

8 Angle between tangent to C and y axis

n Normal displacement from mid point of i,i+1 on Cn to i, i+l
on Cn +1°

P Pe rturbation potential.

P, ® + glx)

$ Uy o

6v°/6x- Body slope in body axis frame of reference.

8v/bx Body slcpe in wind axis frame of reference,

¢ Complex position on C in wind axes.

Co Complex position on C in body axes.

¥ Yaw angle.



PART 1

THEORY AND DEVELOPMENT OF NUMERICAL PROCEDURES

A. Syiopsis of Subsonic Slender Body Theory

According to slender bcdy theory (ref. 1), the flow disturbancé®. - -
near a sufficiently regular 3-D body may be represented by a potential

in the form:

¢(xyz) = Us_ = Ulo(xyz) + g(x)] (1)

®(xyz) is a solution of the 2-D Laplace equation in the y, z cross flow plane

satisfying the following boundarv conditions appropriate to wind axes™
W =0 at ® (2a)
0 v
3%3: - 35§ ©on C(x) (2b)

C(x), n, and - bging defined in Fig, (1). A general solution for % rnay
be written as the rcal part of a complex potential function W(Z; with
Zz=y+iz,
@<
.= ReW = Re[Ao(x) InZ + % An(x)/z"] 13)
n
A useful alternative representation of » and W is obtainable with the aid
of Gragn's theorem. (ref. Q)
p = ReW = - 2Re £O‘(§) In(Z-()ds (4)
c(x)
where 0({) is a ""svurce' density for values of { = Yo + izc, (y ,s)

[

being coordinates of a point on the contour c(x).

%

Although wind@xes have been adopted as a reference, the computations
have been fo lated in terms of input data obtained from a body axes

frame of reference. This avoids the necessity of generating new input
data for each change in bouy :i’:tude.
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The function g(x) is obtained by matching ¢ of £q. (1) which is
valid in the neighborhood of the body with an appropriate '"outer'  sol:tion,
gfx) is then found to depend explicitly on the longitudinal variation of

cross sectional areas S(x) , i.e.:

x 1
glx) = 'z'l?v' [S'(x) in(B/2) - -lz-j S'(t) In{x-t)dt + % Is”(t) In (t-x)dt
o X
; 22(_"1 tnx - 31 }n(l-x)} (5)

8 = ,\/lol\/te
The pressure coefficient, to an approximation consistent with

slende? body theory is given by the expression:

B p'Po _ mo ng‘z a‘:"‘ Q2
Cp-;;;;',;--zs;-(;;) -(s;> | (€)

The force and moment about the origin on the portion of the body between

the nose and station x are represented by the coefficients:

F_+1F, 4
— = ZﬂAI(x) + -d?(S(x) Za(x)> {7)
U ©
M_#iM_  F_+iF, ; \
oo - lix. o -2m A!(t)dt - S(x)Zg(x)] (3)
(o]

whagee Zg(x) = 78 + izg represents the complex location of the cross
sectional centroid at station x, and AI(K’ is the coefficient of the 1/2

teem of Eq. (3). Interms of these force and moment expressions the

b.{’x} AT PAGE S
O 2Uul. QUALITY



more commonly used aerodynarnic coefficicnts are written:

F,\ Lz
CL - 2("‘ S
oU? ref

y FJUa ref
M 3
c.. = 2( y L
M puU* Lref vef
M 3
Cn = - 2("‘2‘) = .
N o2/ Mref Pael

where I = body length and Lref’ Sref are convenient reference length and
area respectively, usually, determined by the overall configuration tc be
aralyzed. For this report Lref has been chosen to be equal to L. and

3 = L2,

ref
The redu-tion of computi®ions of these expressions to a numerical
proceduce shall be based on the imtegral representation of = givenin Eq. (4).
The point of departure sha’i be the discretization of e cross sectional
boundary into a large numi.cr of short linear segments over each of which

the source dansity 0 shall be sssured corctant at a value to be determined

by bYoundary conditions.

DG 20U S -~ e



B. Sammary of Equations, Computationa! Procedures and Sample
Calculations

Derivations of the equations presented in this section are given in
Appendix A,

Since analytical results for bodies of revolution are readily available
computations have been carried out for the purpose of comparison in the

cases of a circular cone;

r(x):xtanloo . 0<x <1

and an "ogive'' of circular cross section;
rix) = x(1 - 3) tan 10° 0<x <1

both at angle of attack @ = .1 and at zero Mach no.

1. Processing of Surface Data

The original data consists of the cross sectional boundaries Cn
at each x presented in body axes coordinates as shown in Fig. 2.
Starting at a convenient station x  curves Si are constructed orthogonal
to the Cn' The intersections of these curves with Cn define a set of
points Pi, o The boundary C may now be approximated by the

.traight line segments i, i+l between the points P, and P, The

i+l,n’

coordinates (y.

i,n’ zi’ n) of the points Pi’ a together with the corresponding

Xn represent the basic input data which defines the surface geometry in
the program. Denoting the number of segments in a cross section by iL
and the number of stations )En by N the computations of this repc - have
been carried out for N=10 and iL=20.

From the points P,  a set of intermediate points Pi' , detween
’ »

P, and P,

an C_ are derived. It is assumed that the coordinates of
i,n i+l,n n

Pi' n May be represented by a Taylor's series in terms of the distance from

P. i .
i, ne 1-€

(}chl\' \] 3y
s I B “ ’



e it (Q0) 00+ (E0) 80
* ’ i ds” i
As = P,

Reduction of this expression to one in terms of the discrete points P,
L4

results in the following form (with a corresponding form for le n)

. DDy. . 2
' 1{(i, n) if1(i,n)
Yi,n Yi,n+Dyi t— ( 2’ ) +...

where Dyi is obtained by first computing the divided difference

(yi Y; n)/l(i, n) and taking this to represent dy/ds at the intermediate

+i,n "
point pi’,n a distance 1(i,n)/2 from Pi' n Linear interpolation of dy/ds
between Pi'-l,n and pi’,n yields approximately dy/ds at Pi,n and this
is denoted by Dy,. DDy, is the approximation to (v:lay/ds")i determined
by operating on Dyi in the same manner. In this report terms up to
second order in 1(i,n) have been employed. (Results obtained with Pi', n
defined as above have been compared with those for P;’ n defined simply
as the mid point of the secant i,i+l and it was found that the latter case
required double the number iL of segments to obtain comparable

accuracy).

2. Source density 0

0 is determined by requiring that ¢ of Eq. (4) satisfy the boundary
condition Eq. {2b) at a point P’ of each segment i,i+l1 of the boundary.
The result of this process is a set nf simultaneous equations for the den-
sities O(i,n) at each segment i,i+1 of Cn' There densities may be

assigned to the pts. Pi' o+ located as prescribed in Sect. 1.

. iL
V) =) AG,1) ofi,n) (9)
j.n i:l

10



-~

where, referring to Fig. 3 for R(i,j,n) and 8(i, j, n)
AG,D) = 2§sin[9(j.n) - 265, o) o] RG+1, §, n)/RG, 5, 0)]

+ 8(i,j, n)cos| 85, n) - 9(i,n)}$ .

The slope (av/ax)j n M2y be written in terms of (3\)0/3x)j " referred to L.

body axes and the angles of attack @ and sideslip B (see Fig. (4) )

dv a\’o\
(3’:?) = (&—) +Q cos 8(j,n) - ¥ sin 8(j,n) . (10)
l,n

s

Computation of (avolax)j’ n from the surface data is described in
Appendix A,

Values of d(i, 10) obtained from Eq. (9) in the case of a circular
cone at angle of attack are presented in Fig. (5). The analytical solution

for ¢ in the case of bodies of revolution is:

ra’
LIS W/ g o]

9=-zwe
This resull is also presented in Fig. (5) for comparison.
3. Potential ¢

Once the source density 0(i,n) is determined Eq. (4) yields an

explicit representation of @. Integrating over the segments i, i+l of Cn:
iL _
o(j,n) = 2 z o(i, n) fﬁ.(i-!-l, j, n)e u(i, n)1nR(i+1, j, n)
i=1
- R(i, j,n)eu(i, n)1nR(i, j, n) - R(i, j, n)e n(i, n)8(i, j, n) +1(i, n)}

L

o(i, n) {‘TLLT—&E(ii,.n n)} (11)
1

Although ®(j,n) is not of direct interest the auxiliary functions

T;' r " e

=2

Ayp(i, j, n)/o(i, n) appear in the results for 3v/3x and so must be computed.

11



4, Axial Potential Derivative 9m/dx

dp/mx is obtained by differentiation-of the integraldst Eq.E(Q}) to) t.
first obtain an exact expression which is then approximated by evaluating
the result over the segmented boundary. This is felt to ‘be preferable to
the procedure of differentiating the approximation to ¢ given in Eq. (11),
Howmeves, some care must be exercised when differentiating since the path
of integration C(x) of the integral in Eq. (4) is itself a function of x. The
details of this process are supplied in Appendix A. The resulting expres-
sion for 3¢/dx is found to be:

%:-ZRe

¢

[('g%)o + %g(a sin® + ¥ cos 8) + % (-g—;i)]zln (Z2-C)ds
C(x) .

+i§ "(gf)zd?;" | (12)
C(x) ’

which after integration over the segmented boundary Cn yields:

iL.

= =2)

J,n 1

412 . do , o/8V f Bp(i, j, n)
[\\'5‘;)0 + (QSII'le +BCOS e)'d—s""ﬁ('b—:-:- . 1—F&L'JI—IF—-}'

i, n
- a(i, n) (.g;‘(’-/ 6(i,j,n)‘ . (13)
i,n

The radius of curvature h(i,n) and the derivatives (80/8x) , dd/ds,
6\/8x are evaluated at the mid points of the segments i,i+l by interpoia-
tion procedures described in Appendix A,

Calculations of 39/ ox for the circular cone at angle of attack are
presented in Fig. (6). For comparison, the analytical result for bodies

of revolution is:

dp _ S"(x) S’ (x) a S(x)
g;;— -—Z-ﬁ-lnr-3a-z?r-;-cose-u. "ra cos 26 (14)

A plot of Eq. (14) for points cn the cone surface is also provided in Fig. (6).

12 ‘
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8. Velocity Components v,w and g% = v* + w?

I Differentiation of Eq. (4) with respect to Z yields the complex

velocity function
voiw=-26% a (15)

which, upon integration over the segmented boundary yields:

v(i,m) - iwli, ) = 2 ) oti,m) ¢ 00 P 10 R L) i, 5 m ] (6)
i

q® is most conveniently found by noting that it is the sum of the squares of
the normal and tangential velocity components. Thus, upon introducing the

boundary condition Eq. (2b):
3\’
qQ® = %) + (vcos b + wsin9)? (17)

on the segment j, j+1 this becomes

2 r
PR _[3v . (o . R({i+1,j, n)
2
- 8(i, j, m) sin(e(j,n) - e(i,n)) ! (18)

4

6. Pressure Coefficient Cp and g’ (x)

Cp dcpends upon g° and dn/3dx as determined above and the
derivat ve g '(x). Differentiation of g(x) must be carried out with due
concern for the nature of the improper integrals appearing in Eq. (5). The

result of the differentiation process as given in Appendix A, Sect. (5) is:

2
g'(:rn) = %{S”(x) 1n (l—'-i‘—'i—) + In(xn) - Jn(xn)

- 5°(0) +
b4

S'(1) or ,
o - S"(0)nx - S (l)ln(l-xn)}

(19)

where

13



1 N-1

v ’ . :
= [ e -osba= ) (s m)ln(x{;‘n‘- X )

In . m+l ~
kn m=n
xn n-1
To= M -ns®war= (s -8 jlatx_ - %)
n 4 n_ L m+l 'm/ n ™
() m=0
I 4
Xm = (xm“ + xm)/z .

To compute the second derivatives of the cross sectional area required for
g '(x) the first derivatives at xr'n are found by finite differences between
P and SRR Second derivatives S'(xl‘_'n) at x"(m) = (Er’nﬂ + ;,I;l)/z

are then found by finite differences between S’ at xr'n and xr'n + Finally

l.
S'(xm) is determined by linear interpolation of S'(X:n) between k';'n and

4

Xm+l*

Because of the possible singularity at x=0 the results are sensitive
to the value of S”(0). Rather than compute this second derivative from
discrete data it is assurmned that the nose of the body may be specified
analytically and that an analytically derived value is available for s*(0).

The pressure coefficient

PPo _ (3

C_-= =-2\3z g'(x)) - q (20)

P pu2/2
may now be computed. The computational precision may be evaluated by
comparison with the analytical results for a conical body of revolutioni.

In this special case we obtain for points on the surface of the body

g'x)= - S_Z(F’E) 1n (2\/x(l-x)) +Sl_(xl) . % (21)
and
q® = <——SZT$’:) + ZO.—SZ-;—(;—) cos® +a? (22)

with 3p/3dx as given by Eq. (14).

14



Compuied values of Cp for the conical body are presented in Fig. (7)
together with the analytical results obtained from Eq. (20) and Eqs. (14,
21, 22).

7. Force and Moment Coefficients

From Eqgs. (7,8) for the force and moment coefficients it is seen
that a determination of the '"doublet' strength Al(x) is required. This
term represents the coefficient of 1/Z in the expansion of the complex
potential W(Z) about the origin (see Eq. (3) ). Al(x) as derived in
Appendix A,Sect. (3) is given by:

s'(x )
Al(xn) = Am(xn) + (Y + i0) xn 5 (23)

where

Alolxn) =2 2 o(i,n)l(, n)(yi" .t i zi" n) .

i

To obtain force and moment coeflicients Al(x) is substituted into Eqs. (7)
and (8) which may now be written in a more convenient form by introducing’
the centroid location Zg in terms of body axes coordinates.

Zg = ZgO - (i + ¥)x . (24)

The resulting force and moment equations are:

F_+iF, ] ,
- = 2MA, (%) - (Y+ix) S + (zgo S) (25)

zZ .
- prat [' [2m A o) - (¥ + i0)S]dx - zgos}. (26)

o

Numerical evaluation of the integral in the expression for the moment
coefficient is carried out by the trapezoidal rule using values of Alo(xn)
and S(xn) obtained at each of the stations X Computation of Zgo(x) S (x)

15



is described in Appendix A. The derivative of Zpos at x _ is obtained

by first computing the divided difference between stations X s and X 41°

then letting this represent (ZgOS) ‘at xr'l. The derivative at x is deter-

mined by linear interpolation of [Z S'(x’)] between x’ and x’,, .
go n n n+l

Analytical results in the cas2 of bodies of revolution at angle of

attack @ are particularly simple:

Fz

— = 0S(x) (27)
ou?

M

X = (x(x S(x)-V(x)) 128)
pUZ

where V(x) is the volume of the body up to the station x.

Computational results for the cone and ogive bodies of revolution
at 0.=-1 are presented in Figs. 8 and 9, together with plots of Eqgs. (27)
and (28) for comparison. There results are presented in terms of the coef-

ficients CL(x), and CM(x) defined at the end of Section A.

ORIGINAL PAGE i
OF POOR Ay
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C. Application to Typical Fuselage

A typical "sl b-sided' fuselage together with 'datailsh of:¢aiis of
the geometry, is shown in Fig. 10, Cross-sections have been made of
straight lines and circular arcs while the profile is composed of straight
lines and parabolic arcs. Stations x have been taken closer together .
toward the rear of the body to p: mote a more accurate determination of
total force and moment., Stations are situated farther apart over the center
section since there is no change in cross .section for 1/3 <x < 2/3,

Processing of the surface data in accordance with paragraph 1 of
section B is shown in Fig. 11.

Results of the computation of pressure coe.ficient, force coefficient

and moment coefficient are given in Figs, 12 and 13.

17



APPENDIX A
DERIVATIONS

1. Source Strerggfh (o]

Computation of 0(i, n) over the segment i,it1 proceeds by applying
the boundary condition Eq. (2b) at each segment of c. I Vo=q=jv+kw
represents the velocity vector, the corresponding complex velocity in the
crossflow plane is obtained by differentiation of W in Eq. (4) with respect

to Z:

o(C)ds

- (A1)

v-iw=-2§

The contribution by the sources located on segment i, i+l to the velocity
at P/ n is first evaluated. Noting that i, i+1 makes an angle (i, n) with

respect to the horizontal axis, we have

dc = ds et n)

and the contribution to the integral in Eq. (Al) may be written:

€i+l, n
_ . ., -i8(i, n) da¢
A[v(j, n) - iw(j, n)] = - 2a(i, n)e " 7 - (A2)
gJ\ zj’ n-
i, n

After integration of the last term and summation over all contributing
segments, the result may be written:
. < g . -i8(i, n R(i+], j,n ce g
vij, n) - iw(j, n) = zZou. n) e 100 P an REHLIE) 4 65,5, m ] (a3)
i
in which, referring to Fig. 3, the quantities R(i, j, n) and 8(i, j,n) are
defined by the relationships:

ill[(i,j,n)_ Z’ _g
~ “i,n i,n

R(i,j,n) e
8(i,j,n) = ¢'(i,j,n) - ¥(,j,n) .
To insure uniqueness of the complex velocity, care must be

18



exercised in assigning values to the angles V¥(i,j,n) and ¢ (i,j, n). Refer-
ring to Fig. 3, these are measured counter-clockwise from the positive

y axis so that when facing from Pi, o to Pi_”’ o 2 point Pj',n just to the
left of i,i+1 shall define an angle ¥(i, j,n) = 8(i,n). As Pj’,n traverses

a path around Pi, o to a point just to the right of i,i+1, #(i,j, n) increases
from 6(i,n) to 8(i,n) + 2n. The same holds true for ¢ '(i,j,n) as P’/

J,n

traverses a path aroung Pi + In consequence of these definitions §(i, j, n)

1,n
becomes -1 when approaching i,it+l from the right and ™ when approaching
from the left. This discontinuity reflects that exhibited by the stream func-
tion upon traversing any closed path which encloses a distribution of finite
sources,
From the boundary condition Eq. (2b), we have:
(g-:% o= v(j, n) sin 8(j, n) - w(j, n)cos 8(j, n) . (A4)
J,mn

After substitution of v and w from Eq. (A3), this last expression becomes

&) =) al,i)0l, ) (a5)
4
where
a(i, ) = 2{sin (06, ) - 80, n))ln%i;)gl

+ G(i,j,n)cos(e(j,n) - S(i,n)>} .

In addition, we see from Fig. 4 that the slope dv/2x may be expressed in

terms of the body slope bvo/ax referred to body axes:

dv
0 = (-a-xﬁ) + 0cos8(j,n) - ¥ sin8(j, n) (A6)
jo 1

’ 14

thus eliminating the necessity of constructing a new set of projections

similar to Fig. 2 for each set of & and Y. Satisfying Eq. (A5) at each of the

19
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points Pj' qona given cross-sectional boundary yields a set of equations
| ]
for ofi,n).

2. Determination of o, dn/Ox

A knowledge of oy, n) allows the numerical integration of Eq. (4)
for ® in a manner similar to that for the complex velocity above:

g'i+l, n
ofj,nd = - ZReE e-le(l’ n) o(i, n) Q ln(Zj’ n €)d¢ (A7)
i C.
"i,n

After integration, ®{j,n) may be written concisely in the nomenclature of

Fig. 3:

#(j, n) = ZZ oli, n) {Tz(m, j, n)-uli, n) In R(i+1, j, n)
i

- RG, j, n)- uli, n)inR(, j, n) - R(i, j, n)- nli, n) & (i, i, n)

oli, n) {é‘%.}%n_)} (A8)

in which use has been made of the geometric relationship:

f\,/‘

Fii,n)f =2

I~

R(i,j, n)* n(i, n) = R(i+1,j, n)* n(i, n) .

The derivation of 3n/38x must take into account the fact that the
path of integration in Eq. (4) is a function of x. Referring to Fig. 1, we
shall distinguish between increments of a dependent variable taken along
C(x) and denoted by d( ) and increm-nts taken normal to C and denoted by

6( ). Differentiation of Eq. (4) then yields

Eo2re{§ 5 m(z - (as - §JEL 26 g,
3
+§ o)1 (2 - ) 22} (A9)

From Fig. 1 it becomes evident that
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Stde) ¢ 8 vdd = Gum (A10)

where h{{) ia ¢the gadids of curvature of C(x) at (. In addition, we have

from Fig. 1y

%:%;.i(e‘“/z’ (A11)

To evaluate 08f0x we mate, referrimg to Fig, 4

s
@

o(i, n)

=1im —-—5-——-'— (Al2)

8x—0
whese 8" denotes the value of ® at the point P”. The relative displace-

memt between Pi " and P” is shown in Fig. 4, as it would appear in ""wind"

H
«

axa®, However, the eemputation of @ has been carrted out in a body axis
frame of rafetence. To make use of the results of that computation we note
¢hat ¢° im the wind axis fpame corresponds to o’ in the body ax’s frame.

From Fig. 4 then, we have
v eo’= c(i,n+l)+-2—g-(asin9+‘i’cos 9)6x (Al3)

which, aftew substitution inte Eq. (Al12), leads to the required expression,

%0 do

== (6x) t st 10.sin b + ¥ cos 0) (Al4)
o

whepe (%;—) is the derivative evaluated in thz body axis frame. Finally,

o
intgoducing Eqs. (A10), (A1), and (Al4) into Eq. (A9),

= - 2Re{£ (———) +-—-—(ﬂ.sm9 +¥ecos® 42 6\)]111(2 C)de

Again, assuming that quantities in the brackets of the intcgrands are

eonstant over 1,41, the integrations proceed in a straightforward manner:

ORTGNAL P;\H]‘]’ :llw
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(&)« +LjlE), o remar e venen:

- atiyn) (ax/ 9(i,j,n)¥
n

. ¢
in which we note that (8§v/8x)

/3x as defined in Eq. (A6)

Equations defining (d¢/ds), (Sc/fx)o, fv /8x and 1/h at the
point Pi'

are provided in Sections C-1 and C-3 in Part II of this report

A description of ...e computational ptocess is given here

a) a0/ds - ¢ at P

is first obtained by interpolation ketwee .
the computed values of O(i,n) at P

dc/ds at Pi' n is then set equal
to ¢the divided difference between these interpolated values of

(see
Section C>3 of Part II).

b) (66/6::)0

X, X

- the derivative at the mid- poir
n* n4d

in: xr" of the interval

is set equal to the divided difference between (i, n) and ofi, n+l)

Linear intetpolation between these derivatives then yields (8c/%x)
(see ¥ig,

0 ; at x .
o n
14 and Section C-3 of Part 1)

c} évo/éx - Referring to Fig. 15, the displacement & is deter-
mined by interpolation between # (. = and 5 C. i+1, 0" Srl(x
represeats Av /¢x at %/

- X ) then
Interpolation between the stations \

then
yields 6\;0/6.\: at X (see Section C-1 of Part II)

d) 1/h - 8 at P,  is determined by interpolation between values
of 8(t,n) at P/ . The cusvature 1/h at Pl' q 18 then set equal to the
divided difference between 8 at P

. and 0 at P,
ti .n 1
of Part 11),

(see lection C-3

®
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3. "Doublet Strength Al(x)

Al(x) is the coefficient of the 1/Z term in thecexpansion of the com-
plex potential W(Z) about the origin (see Eq. (3) ). If the integral repre-

sentation of W from Eq. (4) is expanded we find:

W(Z) = (- z§ o(C)ds)InZ + (2§ ¢ o(g)ds)lz

1
+@8¢c o(CMds) —- +o... (A17)
Thus, we have ifor the coefficient of the 1/Z term:
A fx) = 24 ¢ olC)ds

Introducing body axes coordinates

¢=¢, -Ga+¥)x

we have

A lx) = z_{ ¢ olC_)ds - 2(ia + ¥) x $ o(C)ds

The last integral on the right hand side 1s recognized as the coefficient of
the "source' term in the above expansion of W(Z). According to slender
body theory Ref. (1), this is related to the rate of change of cross-sectional

area:

2§ o(¢_)ds = - %g)-

our final expression for the '"doublet" term is therefore

S'(x)
S22

At = zf ¢, olC )ds + (ia + B)x S5

Integrating over the segmented boundary Cn.

i+l
l" ] »
[ ¢, oc)ds =) oli,n) | ¢, ds
i 1

PS

the 1ast integral may be interpreted as the mome- tee  rc i,i+]1 about

23



the origin and may be approximated >y (yi’ n + izi' n) 1(i, n) so that
» [
-
Al(x) =2 Z_' ali, n) 1{i, n) (yi" n-l-iz.' ) (A18)

i,n

4. Cross-sectional Properties

Computation of S(xn), Z oS(xn) and their derivatives is accomplished

4
with the aid of Stokes' theorem in the complex plane. Thus,
N
Stx) = 5§ 7_ac_ (A19)
z Stx) =56 ¢ T dc (A20)
go 21 J *0”0" "0

which expressions, after integration around Cn’ yield

— l 2 7 ’

S(xn) =3 (yi,ndzi,n "2 n dyi, n) (A21)

and
Z S) =102 (dz.  -idy. ) (A22)
go 2L 7,0 %,n i,n
i
where
2 _ (o’ )2 Y
Ti,n " (yi, n) + (zi, n)
dzi,n = %i+l,n "~ i,n
;i n = Yitl,n " Vi, n
. 5, g'(x)

The derivative of g(x) appears in the expression for the local pres-
sure coefficient, Eq. (6). To avoid the occurrence of singular integrals,
differentiation is accomplished by first integrating by parts the integrals
appearing in Eq. (5) for g(x) and then differentiating the resulting expres-

sions

X
I's*t)in(x-t)at = - 5”(0) (x-x1nx) - [ $")[(x-1) - (x-t) In (x-t)]dt
[o] o]

\oF 1
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then

X x
%J‘ S*(t)In(x-t)dt = S*(0)1n x + [ S™(t)In (x-t)dt
[o] o]

and similarly

1
Ba—- rS (t)ln(t-x)dt = - S“(1)In(1-x) + [S (t) In (t-x)dt
x x

Thus, differentiation of Eq. (5) for g(x) yields:

1
g'lx) = '221_1 {S'(x) 1n (-g-) + %— J. S”(t) In (t-x)dt
x

X
'
- %I S”(t) 1n (x-t)dt - §—-§-°—) . ;l:-
o

Expressing the integrals as Stieltjes integrals facilitates their computation,

1 N-1
- 4 - N » " ’
1= [' In(t-x ) S"()= ) (S . - S")n(x! - x)
X m=n
and
xn n-1
J = f ln(xn-t)d S7(t) = 2 (S”m+l - Sl‘,'n)ln(xn - xl:n)
o m=0
where X = (xm + xm“)lz
we thus have
2 ' '
o v . 1 [an 1-M%: s'(0), S'(1)
g (xn) 'Zr_r{s (xn)ln( q ) T x_ + Tox
- §7(0)1n X, - S"(l)ln(l-xn)} (A26)

The occurence of singularities in g(x) and g’(x) at x=0,1 signifies the

25



failure of slender body theory in these regions unless S is zufficiently
well behaved there i.e., first and second derivatives equal to 0. For pointed

bodies S’(0) = 0 and the occurrence of Ss’(1) = 0 is common.

26



REFERENCES

1. Ward, G.N.: "Linearized Theory of Steady High Speed Flow. "
Cambridge University Press, 1955,
2. Hess, J.F. and Smith, A. M. O.: ""Calculation of Pot >ntial Flow About

Arbitrary Bodies." Prog. Aeru. 3 i., Pergamon Press, 1966,

27



PART II
FORTRAN PROGRAM

A. Input

1. Comments

The body azes coordinates yi’ n* zi,n at x may be read from
cards or computed by a code supplied by the user; the indices IX and

IR are set equal to 0 or 1 depending upon the choice made. After the
source strength ¢ is computed the program computes ©, dn/3x, Cp at
the locations Pi’.n on the surface. The capability of computing these
quantities at arbitrarily specified points on or off the body has also been
included to facilitate induced flow studies. Thus m, On/dx, Cp are
computed at Pi’,n or at locations supplied by the user as additional input,

depending upon whether the index IYPP is set equal to 0 or 1

2. List of Fortran Symbols for Input Data

ALP Angle of attack a, positive for nose up attitude relative
to wind axes.

BET Angle of yaw ¥, positive for clockwise rotation
about z-axis,

ACH Free Stream Mach No.

SPPO S”(0) Second derivative of cross-section area evaluated
at the nose, It is assumed that this is available from
analytical considerations regarding the special geo-

metry of the nose section.

SREF Dimensional reference area.
ENG Dimensional body length,
REFL Dimensional reference length,

28



IYPP =0 if coordinates of Pi' a 2Fre computed by program,
=1 if P'i, o 2Te to be read from input cards.

IL Number of segments into which a cross-sectional

boundary is divided .,

NL Number of longitudinal stations at which cross-sections
are taken.
IR =1 if i, n* %, n 2TC to be read from input cards.

=0 if these cards are to be computed by a code
insérted after statement 111,

X =1 if x  are to be read from input cards.
=0 if these stations are to be computed by a codete -

inserted after statement 113,

ISYMLR =0 if contour does not have lateral symmetry
=1 if contour has lateral symmetry
ISYMUD =0 if contour does not have vertical symmetry
=1 if contour has vertical symmetry
ISR if # 0 SREF will be defined = S(ISR)
X(N) Dimensional longitudinal coordinates X .
Y(I, N) Dimensional coordinate yi’ n
Z(1,N) Dime nsional coordinate zi’ n
YPP(I) Dimensional coordinate of collocation pt. yi'. o'
ZPP(I) Dimensional coordinate of collocation pt. zi" o
3. Preparation of Input Cards
Card # Format Variable
1 5E15.8 ALP
BET
ACH
gggg ARIETNAL P'AGE B
2 5E15, 8 ENG  or POOR QU
REFL

29



3 1015 IYPP
1L
NL
IR
IX
ISYMLAR
ISYMUD
ISR

The following cards are prepared in the order presented, when the indices

IX, IR, IYPP are as specified

If IX=1 10F8. 0 X(1)
X(2)
X(NL)
If IR=1 10F8. 0 Y(1,1)
Y(1.2)
If ISMLR = 1, ISYMUD = 0, or 1 .

I=1 placed in 4th quadrant
I= IL placed in 3rd quadrant .
Y(1, NL)
z(1,1)
Z(1,2)
Z(1, NL)
= 1 placed in lst quadrant Y(2,1)
= IL placed in 4th quadrant Y(2,1)

If ISYMLR=0 ISYMUD-=1

If ISYMLR = ISYMUD = 0 .
ro restriction on placement of I=1 Y(2,NL)
Z(2,1)

Z(2, NL)

Z(IL, NL)

If IYPP = 1 5E15, 8 YPP(1)
ZPP(1)
YPP(2)
ZPP(2)

YPP(IL)
Z 1 1(IL)

If IR=0 A code to compute y, ., z; must be inserted after
’ ’
statement 111,

if 1X=0 A code to compute x_ must be inserted after statement

113,

30



B, Output

1. Input parameters

The first row of output presents the pertinent input parameters
ALPHA, BETA, MACH NO., SPP(0), REF AREA, BODY LENGTH, REF
LENGTH,

z‘ nga Y'. z'

0(j,n) and o(j,n) at the location yj' n zJ.' n 2T presented as
» »

follows for 1 <n<N

n
SIGMA
o(l,n) - « - - - - - oo o(7,n)
0(8,n) - - -o(IL,n)
PHI1
ofl,n) - - - - - - - - - <. o(7, n)
o(8,n) - - - o(IL,n)
Y PRIME
Z PRIME
[ 4 ’
Yin "~ """ T sccme- y7,n
4 [4
T N %7,n
’ ’
Y8,n -~ " YiL,n
] [
8,n "~ - " “IL,n

1 AL X);\‘;\{“v "
OI{‘»CY\ }U ‘\‘ ,‘ 1 N

3 OF pouit ¢



3 . am,k
(Bmlax)j n 2t the points Pj' n, are presented as follows:
» »

D PHI/D X
(aq)/ax)l’l """""" (&Qlax)-? 1

e e (/) 1.
(aq’/ax)S,NL - - = (acp/ax)u‘,NL

4, ARIO(xn) . AIlo(xn)

Real and imaginary parts of the ""doublet strength” Alo(xn) are

presented as follows:

Al AND AR |
ALyglxy)s AR g(x)), ALg(x)), ARyg(xp) - - - ALjy(x,)
ARyplxy) = = - = - - - - Aljglep)s ARy oGy

5. Force and Moment coefficients, g'(xn), I ressure Coefficient

Pressure coefficient Cp at PJ.' n is computed for 1 < n < N-1.
L]

Force and moment coefficients are presented as follows:

N=n, CY = Cy(xn)’ CL = CL(xn), CN = CN(x'ri)

CM = Cy (x ), GP = g'(xn)
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C. Summary of Programmed Equations

These equations are presented in order of use. The Fortran svmbol
at the left represents the quantity at the left hand side of each equation,

1) Computation of ofi, n)

WILP,N) YiL+1,n = Yi,n
Z(ILP,N) *il+l,n=32

’ i,n
Y(ILP, N) YiL+1 * Y2, n
Y(ILZ,N) YiLez = Y2,n
Y(L3, N) YiL+3 = Y3,n
Y(IL4, N) Yir+3 = Y4, n
FI(ILP, N) 1L+1) = 1(1, n)
FI(IL2, N) 1(iL+2) = 1(2, n)
F1(IL3, N) 1(iL+3) = 1(3, n)

’ - ] <i il s
DPY(I) D'y, = (¥i41 g - Yy /2l 1<icilw3
D'y. ,l(i,n) + D'y, 1(i-1,n)
DY(D) Dy, = — = i M 2<igils3
1, n) + 1(i-1,n)
DPY(I) D’y, = (Dy,,, - Dy;//1i, n) 2<igilat 2
D'y, ,l(i,n) + D"y 1(i-1, n)

_ Dy 0, gia-1, :

YP(I) DDy, = — T 3<i<il +2
. DDy, \2
1 1

YP(D) ¥{= ¥y ot Dy 0 n), el scieqn+2
YP(1) Y1 = YiLs
YP(2) Y, * Vi1 42



The above operdtions from Y(ILP,N) to YP(2) are repeated for Z(ILP, N)

to ZP(2) to obtain zi'.

R(1, J)

FL(I, N)

ST(I)

CT(I)

R(i, j,m) =[(yj"n - Vi, n)a + (zj"n - zi. n)’]*

. ]
1(i, n) =[(vm’n “Yin t gy n - zi,n)s]

sinf(i, n) = (zi

cos 6(i, n) = (yi-l-l n

+l,n

-z n)/l(i, n)

- vy 16, m)

For the computation of angles it is assumed that 2 computer will obey the

following rules:

0
-n/2
0

n/2

T(I, N)

AS
YA

YY

< s"tn.l sin8 <.1/2

<sin°lsin9 <0

<cos'lcose <nf2

-1
<cos cosf<-

0(i, n) =¢

. . . ’
sinv(i, j, n) = (z. n

Az = 2.

Ay:y

v(i, j, n) = $

\

\

, sin8 (+)
, sinB (-)
, cosB (+)
, cosB () -

sin” 1 sin 6(i, n)

. -1
m-gin

sin 8(i, n)

-siﬂ'l sin (i, n)

2n-sin” 1 sin 0(i, n)

sin”

.o-1
m-8in

. -1
m-s8in

ZM-sin'l

-z, MR, j,n)

1 sin¥y(i, j, n)

SinY(injn n)
sinv(i,j, n
sinv(i, j, n)

34

sinB(i,n) | cos &(i, n)
>0 >
>0 <0
<0 <0
<0 >0
Az Ay
>0 >0
>0 <0
<0 <0
<0 >0
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v(i, j, n) . Y(,j,n) >8(i,n)
P(J,1) ¥(i,j,n)=
v(i,j,n) +2 » Vv(i,i,n) <8(i,n)
fv(i+1,j,n) »  Y(i+1,j,n) >8(i, n)
PHS t'(i,j,n): { #(i,j, n) , VY(i+l,j,n) = 8(i, n)
v{i+l,j,n) + 27,  v(i+1,j, n) < 6(i, n)
\

D(J,1I,N) 5(i,j,n)= ¢’(i,i n) - #{i,j,n), i#j
D(J,1,N) 8(,j,m) = - 7
The following redefinitions of 8(i,n) assure continuity of 6(i, n) when
paesing directly between first and fourth quadrants:
8(iL+1,n) = 8(1,n)
A8 = B(it+l,n) - 8(i, n)

8(i+1,n) + 2n A < -(r+ 10"5)
8(i+1,n) = ({ 8(i+l,n) , -m<pAB<m
8(i+1,n) - 2n A8 >me107°

FL(IL+1, N) 1(iL 4], n) = 1(i, n)

BE(L,N)  nfi#],n) = O, m) + B4l A WG m) 5 oy

BE(1, N) x(1,n) = x(iL+1,n) - 2=

DR(I) 5V°(i. n) = (y o) sinx(i, n)

i,n+l ~ Vi,
- (z'.l atl = % n) cos #{i, n) 1 <n <n-l
) »

[6v_(i,n) + &y _(i+1, n)]/2
DNX(I) (-g-;) - -2 0

ntl ~ *n -7
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f(&n/&x).—h! - (bﬂIGX)iLn-l](xn - X l)

L Y
o {a2) () e

®a®d ~ *n-i
Py <n<Ni1i
a\) \
ona,w (2) = (3
(* )i,w 8 N-1
DN(I ‘) (a\’O\ - (6"\\
’ §x /, - -5!/.
i, 1 il

v
DN(I, N) (% = (‘-‘—0—> ¢ Ycow¥(i, n) - ¥ sinf@, n)
¥,

n ¢,
e3T sin{ #(j, n) - &i,n)] = sin®(j, n) cos 8(i, n) - sin8(i, n) cos &(j, n)
CTT cos[8(i, n} - &, n)] = cos §(j,n) cos ®i, n) + sin6(;, ") sinB(i, n)

AN ) ali,j,n) = 2 {sin{8(j, n) - 8(i, m)] 1n DL, Jpm)

R i,j, n,-
+ cos[®j. n) - 8(i, m)] 8(i, j, n)
. - -1 ¢/ WY
sm(l’m C(‘,i\’ = ‘a()n‘p“)‘ ‘(‘F)-(./.‘
)

2) Com;lz!ation of m(i.‘_l_'l_),

Fr: s =/ _ ’ . L < ags
aT R{,j,nleu(i,m = (yj,n - Yi,n) cos 8(i, n) + (“j,n - zi’n) sin 8(i, n)
. B RG#L, 5, nlu(i,n) = (v | - y;, ) cosB(i,n)
+ (zj,n - xi“’“) sin §(i, n)
o . .. ~ ‘ . .
RN R(i,j.n)nli,ny = - (yj.“ - y'.‘" n) sia®(i, n)
’ - i o
* "j,n zé*-n) €0s i, m)

pTU LN {Za < Riiet, 0056, m) 1nRE1, 5, m)
- B(i,j, n)+¥(i, n) InR{, j, n)
o Rei,5, 00 nfi, n) 8 (i, 5. w) # 345, m)

¥
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PH(J) o(j,n) = 22 oli, n) 1“?({"‘5)—} ORIGINAL PAGE Is
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3) Computation of (0e/ 3x)iL“

SIG(ILP,N) o(iL + 1,n) = o{1, n)

do _ \"(i+l’ n) - V.(i' ll)
ss (d—S). = l(ijn)
i,n
XIN(D) ( %g) _ O(i,,‘nﬂ)..xo(i, n) enern
i.n n+l n
DSX (50) = (Ao) . l‘(gg_ ) (Ao') 1 *a " *n1 renen
Bxloin DX4 oy VB4 TNE o dE TR 4)OSERS
3 60 - Ao
D3X (FE - ('A':E)
o1, n 1, n-1
RD 1/h(i, n) = ’-(i+ll.é=)n-) (i, n)
il
\ Y \
TX(IN) (g;ﬂ‘_) = 22 [(-g%) ot (asin 8(i, n) +¥ cos 8(i, n))(%:_)
lpn i Ol, n 1’ n

ofi, n) /8 Amfi, j, o)) ) % o
+’Eli, n) \'5_;\:}1 n]{'_o;i"la—) -o(i, n)(-g;)i n5(1,_),n)‘

4) Computation of q?(j, n)

3
Q2(3, N) om) = () +’z? oti, ) [cos{ (5, ) - 81, m)
j»n .

1

2
-lnw - 8(i, j, n) sin(ﬁ(j, n) - e(i,n);]‘
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5) Computation of Cross-sectional Properties

2 - ’ 2 ’ 2
YZP Tion = Ui a )
2z dz,

= 2, -z,
i,n i+l, n i,n

YY 9 n= Yitl,n " Vi, n
!
S(N) S(xn) =2 (yi.n dzi,n - zi,n dyi’ n)IZ
i
1y -
SYG(N) ySOS(xn) =3 : rl i dz‘ .
i » ?
15
SZA(N) z oS(xn) =-5/)T d
g ‘; i,n Y n
Yo Stx ) -y, Sx)
DSYG pys - B0 _ntl __go n 1 <n<N-1
n+l ~ n
’ x -x_,)
= n n-1
SYP (ygS(xn)> = DYS _, +[DYS - DYS ,]: —
nt+l n-1
2 <n<N-I
’ !
sYp (ygS(xl)/- = 2 DYS, - \ygS(Z))
/ ! !
SYP \ySS(xN)) = 2 DYS , - (ygS(N-l))
repeat for (zgS(xn)>
S(x ) - S{x_)
SPXP S'x/) = —2tl__m 1 <m <N-
m *m+l m
XP()) xr:n = (xm+l+xm)/2 , 1 <m <N-1

S'(x)) - Stx;)/x)

SPPXPP(J) §"(x}) -
X
1

S'(xr:_‘) - S'(x

-xllz

1
m-l)

n

SPPXPP s'(xr'n) 2 <m < N-1



ORIGINAL PAGE IS

XPP(J) xr‘;‘ = (xr'n-l + x!'n Y, 2 < m < N¥1POUR QUALITY,
XPP(1) X = (x1 +sz2)lZ
” » » ~ ~ ~ » (xm - xl'n)
x -x
m+l m
1<m < N-2
. v oo e seoe 1 NCL T x N1
SPPX(NM) sN-l =S (xN-l) +[s (xN_l) -S (xN_Z)J <
*N-1 "% N-2
(Xog = Xy 4)
. # ” . N N-1
SPPX(NL) Sy, =S +[S -S
N N-1 N-1 N-2 XN-1 XN-2
(X - Xay o)
’ - ol 0, 1, 1 N N-1
SPX $'1) = S"(xy ) +[S ey - S'txy_ )] — -
*N-1 " *N.2
6) Computation of g'(x), CP' S’(0) assumed = 0)
N-1
= ) (g* . s" '
RIN In = ) (Sm+l Sm)ln(xm xn)
m=n
n-1
' » » ’
RJIN Jn = [/ (Sm-l-l - Sm)ln(xn - xm)
m=0
' _ 1 f (1-M3) S‘(1)
GP g by = SNt - Tty
-8*(0)Inx_ - S"(1)1n (1-x )}
1 <n< N-1
. d . ;
WD) Cp(],n) =-2 (g) - ¢*(j, n) - 28 x )

i, n
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7) Computation of Force and Moment Coefficients

AR(N) AR (x ) = 2) ofi,n)16,n) % o
i
AI(N) Alg(x ) = 2) ofi, w16, n) 2
i
w3 FyloU" = 2nAR,(x ) -¥ S(x ) + (ygo S(x ) !
\?
we lepU’ = ZnAIlo(xn) -a S(xn) + (zgo S(xn))
w2 CL = Z(leoUz)(m/sref)
w3 C, = 2(F [oUNL3/S, )
x
SUM [[2w AR ) - ¥ Six)ldx = 27 AR (x,) x, /2
o
n-1
Ly - ~
e ) gLARIO(xm-H) - ¥ Sbe 4y ]
m=1
N Eme - %)
+[AR b ) - ¥ Sec_)/2n 24
X
SuM1 [ f2n a1, 00 - o Stx)]ax- [erar g6x)) %, /2 -x asix;)/2 ]
o
n_'-l
) }[A 10 4y) - © S(xm+l)/2n]
ms=

)

(x -x
+[a Lok ) -a S(xm)/Zw] mil_m
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W5

w4

w5

w4

X

CUINAL PAGE IS
© ¢ PUUR QUALITY,

M, /pU%= - x(F,/pU%) + f[znAllo(x) - @ S(x))ax + 2., Stx,)

o

X

M, /U= HF /0U% - [ (2rAR ) - B Stx)]lax - Y go SO,

Q
g
"

O
Z
"

o}

zuuy/w*‘)(xf/l.ref S ef

- 2(M,/oUP)NL/L S o
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o001}

0002
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09046 -

000%
Sana
0007

000~A
0009

ouly -

Mmil
a7z
0ol >
00ja
0ol%~
001+
ony7
0ul~-
Qo01~
0020
0nel
Q027
0023
noga
anes

N0k
an>7
a0lr
1) s
00430

Program Listing

e

Rz KaXaXakakzBzBeEx B XxEs Xal

cos
odeo
o0
eop
eso
[.2-2 J
oo
LYY S
oco
ot
Qoo
oo
LZ X
due

“a9

1113
sue
LY 3

lle

taw

1ahk

DINENSTION Y (306, 0Z(3Col0)oDN(INe 1) sFL 3T 0)eYP(3UDeZM(30)
IPS 300 0nd{3Le30) eNSTIDeI0) ¢ AITLVWUN) oSTIIN) o YPPLI30)
2LPO(I0) em(30¢30) N el )el0) o2 t30a30) et T(IVe30010)95T(30)0n(10),
o 30 e TL VL) ST e 1) oGSUM{ <00 3U) oCT(3V) o
WTRE1D01P) eUNEI0) 083 (]n) e ATLL1B) 0DuX(30) oSE(3Neln) oS (16)

QYO (RIS 0[]0} e il 30e]6)

DINENSTIUN AP (LR) e XPR ([o) o SPPAPP (10) o \PHALLH)

CIPEASTUON LEIDIoMUI0) oINS (30) 0l (30D o XINLIV)

DIFENSION LRy (30) «2Y (30) +0P2(30) <11 (20)

RIMENSTIONY OYT (L)

FOLIVALF 4CE(£0]«0UT) -

FAUIVALENCE (PerS) e (RRS)I o (DSeN(lel o 10)) s (GSUMNT (1olel6)) e
TCOYeCT I (DN2eST) ol IaS v deS o]l elR) ) el Proal ol ) e (1PYe5UM{L0]1) )
PUaF g ek (Lald ) el 2P sAr (Lac) ) o (AP (1o 3) ) e (kP l]44) )y
3UONS 12 () el0) ) o (P ZalSUL AL er) ) o (DNRSAIND

000600600
00006L0}0G
00CL0020
0003v030
00000043
Duo0O0v>
G0000150
00000070
00030060
0000U0Y0
00No00luo
000G0110
00000120
U0aaol g
0nnuoley

IF 1reP=Q ToEN YeP wlll of SET = TO YP Z0P=22p w=dS 0=0% and PR00006015¢

IF 1YPP=] ThEN YPP AND £920 WYST «F [NeuT
IF Jw=d TapN CODS TO CUMPUTE YeZ HusST wE INSERTED aFTFR
STATFFNT 311
IF I==1 ¥Trth vel ~UST nr INPUT
IF 1x=0 TreN CODF T CUMWUTE X MUST RE INSERTED AFTER
STateesnT 1)
I# TA=1l TreN 2 ‘3T nE INSYT
IF ISvysvzy TrekE T35 NO LEFT TO w[GHT SYMMETRY
IF ISy stwz]l TRERE 1S LEFT TD 2[6HT SYMRETwY
IFTIavenii=s Tkl I NO 02 TO M0av SYF e (Y
IF Isy*ub=] Tebab IS e TO NDOAN SYMUFTRY
IF T.irza " SLF= INTCGT VALUF
1P ISe «OT=y sarF AILL =c REDEFINED =5(1I%R)
LEa il e™ul) LlLrenst FoaCovennrripyserFerNGoNEFL
PRITE (Moo} AL Yot TeiCrAeaPdneSkrFof itienFFL
FORMAT (7H AL Pra=oF b, JentehHr TAZ s N e awrtaln NO,2eFR, e/
17RSr O (N) TefF llernenCovpnfF AWPAZ o N 3anlolrmminy LENGIMZoFba3eni,
PLYI=AEF LENOTw=eFbeIe//)
MEAMINGNG0) YU el oAL o InelXeISY Lita ISYMUD e IS
wlze,vrTnu(],.n)
(AT RS |
LA CELS €8 2.
ro=iL et
N 2=~
“luzw,o¢v]
TFOESY " Liat deDadP) [0y )b, n) TLL=TL
TREL vl rof e edNYo IaYeumabual) TILL=TLZ2
TRFODAY~ mobdadaaMda IaYy Bdar 4,9} 1L S1LZ2
IS (Tt el dalos™MVe [SY 1 )abu, ) TLL=1L/
IFEfaes "a) GO T 113
wE (R emuN) R (N) eNaleNL)
ol Tu 1l
CorTTHLIF .
TF a0 nNAT T80T Tk CONE TOH COXrTE MUST KE
[aNk«Te ) P b
[F(learilavd) 50 T 111
DTN TS RN
R e s (Y LeNd el TLL)
O SRR RIS

wh e ) (20 LeN) el 2 e lLLL)
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00000160
o0ndolvo
0naQolud
00000149y
6Go90u7u0
0nnvo-lo
0no0ase0
00050234
000 0y
L T a1
00n0C by
yantouAty
NGO A0
AnawYe e
nnGad a0
0e30310
[ X IO (R Pa1)
Uo0NU 310
00NN »o(
uNoNo 359
JACYG =0
noeonnirso
000006 3+ 0
Gnnng Iy
[OLIREYT
DYNNH]1D
000,004
anaNt« sy
unnN0s -y
QYaANe=@
[IIDITEY X1
Q0onuwT0
NGO
G100
nNANEd-90
Nneuhs iy
ULEAU R PLEY]
Nnanehs 4
NHOS-euU
VLNOSSH



C™'IINAL PAGE IS
i OR QUALITY]

00M) S0Y%  FONMAT (L 0F8,.U) 00000400
003z 60 T 112 onoooH70
0033 111 CONTINUE 060000560

C 900 IF Y iND 2 «ErE NOT INPUT TnFN COOF TO COMPUTE MUST RE 00000590

C @00 INSE<TFD rEwt 00000600
003« 112 00 9597 Nsloivt 0ng00n A0
0038 AN SR IN)ZENG 000060620
003n D0 587 [sleTLL 000¢06.30
0037 - Yelen)=Y(]leN)ZENS #0000640
0038 QY7 Z(leMi=/(1eN)/ENG 00000650
1039 IFCILLLFIALILY 60 TO 46} 019000600
0040 IFCILL N IL/7e) GO TO @55 00000670
0051 In=fel ol 000000080
0042 L=t s2 0N0006Y0
00s2R 0O »950 N=leNL a0000700
0046 CO oot I=lbelllL 0gnQou710
0045 In=ltLel-1 . 00000720
00uh Y{Ten)=Y(IDeN) 0nnonTio
00a7 @50 Z(Ien)==2(10eN) 0v0NO0NT40
Noakr 455 In=TLLe], 000007%0
oves FYz=1, . 000y0T60
0050 F1=1, 00000770
0051 IFLISYMLIEG.L) GO TO 4hY 00000740
nosS? Fe=l, 0000790
0053 F7=-1. 0000400
0054 465 0 450 N=VaeNL 09000410
005% DUNELTES &3 S TR 0000080
0056 IT=ilLel-1 Ceo0ns30
007 Y(ler)SY(TUNIFY NO0004«0
QU5+ st (e d=/4(Live1) ®FY WO ELY]
005% en]l CONTIRGE 00000A6Y
0060 1 N0 leY N=lohil 000001570
00s1 [ LR EIIN] 000001M0
00ne Al L) =040 00000590
0003 S =040 00000%00
006e SZaih)=0.0 . 00n00%10
00n- SYalN1=.0 0no0nNIcO
006n IFCiTr,FGoL) REANISemI]1) (YRR (1) eZbP () ei=1elL) onp009 30
00nT YOILPeNI =Y L) e%) 000U09«0
ny~e sULLPeN) L] oiv) 00000950
005G I (NarE 41 GO TO 3 00000wnl
0070 plzes VANONSTO
00t N = 0nn009YHY
0072 8o 10N BONYOHYYY
0073 3 [FCieNFWNL)Y 0 TO o 0oNalouo
0vTa Nz 000310100
0nTs NrEN=] LI VP
LY X 2N i FO W 0op0l1van
0077 - Mlavyel HI00Y10wy
007+ Mg ==Y . annorosv
nNoTv S Y 1} I=helL 0nnol1060
0One YYSY{TelaN)=Y{]le™) annnlolu
00-) =711 eNdy=/t1e ) 0neNnol10n0
00, 1l SL (Lot rsSuRltyYeyvellol)) AR
HHER! fLe=il »/ aneatlng
0N0ra [iLs=2]1 ¢4 noedlille

.43



oous
0086
0047
00RA
0019
0090
009}
auve

0093 -

009a
0045
0096
0097
009R
0099
01006
0101
010¢
0103
0l0s
0104
010~
0107
0104
0109
o110
o1l
012
013
011s
011~

01le

0117
011F
011s
017y
0121
012«
0123
017«
0les
012«
nle?
Q125
12y
0130
n1131
0132
01323
013
013%
D13
N7
0] ¥
013
glen

" an80

13

16

18

abg

L¥.0.3

ann

499

ILezlLee
YUILZ2eN)EY (20N)
YOILIeNI Y (3eN)
YOELOM)2Y {weN)
LLTL2eNYSL(2eN)
2(ILINYIS2 L IeM)
ZIILaWN)Y 2L (weN)
FLUILFWNYZFL (Y eN)
FLLTLPoNIZFLLZeN)
FLATLIWNISFLILINY
Iul=1l
luél=2
I~3=3
IFLILLEQIL) GO TO 4n0
L=l
ILe=IL
Inl=ILL-2
1R2=1LL -1
FCEES TN
DN 8 IzInlel13
UOZ I 2 (e tloleNI=Z(TeNII/FLLToN)
DRY L)z (Y(leloM) =Y (ToN})ZFL LI eN)
DO ¥ I=lneolr
DL T2 U =12 0F L (T eN) oD {IISFI(T=1eND)DIZ(FL (T o) oFL{T=1eN))
QYLD S (NPY LI=1)OFLCToN) oY (DI OFLULI=1 M) }ZIFLUToN) ¢FLUT=1eN))
DO 14 I=z]-eslle
D211 (0L I=L (NI /FL LT oN)
COor =Dl =Y LI 7ML LY
Do 1= T2ledelte
22 iD= (ORZUT= 1) 2F LT e L DIOFLUI=) o) ) ZLFL UL aN) eFL(T~1eN))
Yotz (ORY (=)ot LT eid oY (D) SF L (I=1 oI N/Z(FLUToN) ¢FL(TI=1enN))
LR LTI Z o) eI R SOF L (T eN) eyD®20 (1) 2(0OFL(Ion) )02
YR UIISY LEoN) oY (122 00F L (Tan) e,50YF ([)3(D0F  (1eN))0R2
[FCILLENIL) 6D 10 wde
Teev=ILL=1
Ir (ISYNLRGFRLIY GO TO ane
P LTLLY =060
721101 =0.9
A0 wPe [=]lelbLM
(=<2 iL-1)
YR =ve(IL=-1)
O T ey
YelliLL)=0.0
Y20IL)=0eV
0 e Islel LM
Y (1)2=Y= (0 =1)
iD=y tin-1)
GY 10 w9y
COMTINVE
Yorly=vr(ILe)
YR {2)sYe (L)
VAR EVE AN IND)
LYV X D (W]
Cutf M
no e I=lell
Y=Y (el aN)=Y([oV)
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000011¢0
00001130
00001140
000011%0
000011060
LDLTERE A1
LT 0 Y]
00001190
00001200
00001210
00001220
00001230
£000i2ey
00091250
000012060
69001270
onn01280
00001290
00001300
01001310
00001320
00003330
00001 360
01001320
00001 360
0nool370
99001300
0n001 %)
annolaend
00G01« 0
H00l1420
000014390
V001 awl
connlany
00n0laend
aP0VYel0
0000Yany
0009 490
anoulvue
ngouvlslu
0000120
(U 11 17D - XK11]
000015wuy
n0nG15%9
000U 1%bY
Goe0lH70
GHLTE ST 1]
0nNvV1IHY0
VRIS EXT3Y]
0GO01nIL
BI00L6V
LR XY
NN Ibey
nnevlnny
HenoJang
non0lat7g



0141
0la2
0143
AR YY
01e%
0lan
0137
Olar

0149 -

0150
015}
0152
0153
Ol%s
015%
0156
0l1%7?
n1ow
L3 BT
Glan
01s]
0le2
0163
[(F YN
016~
(R
01n7
81a»
Dlne
o170
171
072
0172
017
L WA
017~
n7r
VY THh
(12 AN
LD Wl
01]
Nlne
[ A ]
NlKe
LR L
ﬂ\us
0l1A7
[(F Y
nll.u
fyuen
01vi
a9
DR K]
NV
Nluw
0)9r

10

2222101 o) =7 (LN} 00001 /n0
STLLy=227FL (e} 00001nv0
CTLtII =YY Z2h LT eN) 00001700
SIN)Y([}w2/=lP () eVYYerN(N) 6000} 710
Yivzy([leveagb(l)ond 0NNVl 7cy
SYLER) 2SYGin) oY et/ npool7slh
S2G (%) 3NLL(N) e Y /Y Y 001740
ASZACSAIST L)) 000617-0
IFICT(])GEv.0) GO TO 7 0nnuvl 760
Ttie)zPl=ny 00017170
c0 In oy 00001730
Ti(levlzaN 00001790
IF(STLL) o Ta0a0) T(IeN)=P[2¢AS 00001»n00
COMTINUE 00001430
Y= (JLs) YR L)) 000018lvu
2P LRI =t ) 00001m 50
TLIL~eN) =T (] sN) 00001140
OO 6 J=lel 00001 1S
Iresle] 0n00lkoG
CTIRTT (T~ eN) =Tl eN) 0000170
IF (1T GT4PIP) TIIPNIT(IPWN)=P]2 0I0014aY
[F(TaT tTot=~Ir)) T(IPs) =T (IR eN)erl2 u00ulnvd
MECI e ) 3T (Lol ) o lTCIPoNI =V (L oeN)) 2(EL (L eN)Z(FLLTRPeNYoEL (TaN))) 03001900
nE(len) ==t (LLFoNY =P T2 0000191y
b ¢ I=1e1L 00001920
ORUII 2 CToNI =Y iToeNIIOSTIN(IF (Ton) Y=t tTaN)i=21TenN))IRCOSINE {TeN)) 00001930
SUIN) =, w28 (N) ' 00001940
SY 3l T oaenvi (M) 20001350
Sentn)s=n08/0:(N) 0oLolvay
DRIy R 0NO0LINTY -
RAz) /71 CINL) =X IN2)) GONV19n0
IF (NG v el) A2VzX(N]=X(N=~1) 00001990
[Fine Ve ) RAM2L,/Z7(A(NS1)=X(N)) 00002000
00 ¢y I=lett 0p002vl0
NDvz So(fiv([)edr (el )) n000Z0C0
Ir (N SaML) O TO |2 ndeNesy Ju
DAY REHIS Y S §) Q00 rYwy
DNN (1) =RyarR™ pUN02IN0
IFiINGFR]) 60 TD 1P DON020nmY
N R I SODNASe (DRI =) AN} OXXROANNY noohzy /0
WO 1IN e VLN0AdmU

12
le

NELeey 2N 1)
N Lot 3D fe N AL v LT () =rneTOST(])
LY R EAN S LY K.}
[TANPITEED N
Y L =Y 1] eN)
Cesfe Y =72 (1 aN)
wRSUYeTIzS sl (YYOY YO/ LR/
AnzimST 2875 Lael))
TF LYY (b ot yu) GD TO 1IN
(zief=a$
(SN ST ¥ )
HZTAS
IFtr/7etTaueh) OID[Psnn
EAY IR AR
IFluel o Tl IS el ) annep]y
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e AL PAGE IS
vl Pooll QUALLITY

nNo0Adyy
0ne0eclng
GINU- LG
HE DS YT
BOtve 1l oo
[t 1P )
A TULES BT
nNaN2log
uennsl o
EGTHLREE )
NONY2 vy
nnnlde~uy
an0le sty
naNudery
NNnole 28y



0197
019A
0199
0200
n2o]
0202
0203
0204

0205 -

0206
0207
020n
020¢
0210
0211
021e
0213
021
0218
021s
nz21?
021k
021y
0er2n
0221
022?
0222
0224
0272«
022
02727

027" -

027
0230
n23]
0222
N23"
0234
024%
023k
w27
023
02y
N2a0
n2ael
0267
0Pl
nlea
NPuh
glan
et
GouH
Nraw
[tldall}
nesl
NeHe

20

30

5%
57

L1
79

7%
7

=0

NS CJel) =26

KS=z=T1|
DO 30 g=le1L

DS LI ILPIZDN (Y )

NS JeTLP) =S (U ])
KN=KSe])

AZ=KY
ph 3v I=lelL -
STT=5T(NeCT()=CT(J)eSTTT)
KzKke TL
G=0S(Jele])

IF6GT T(LeM)) 2HS2G

IF (a0 QaT(Lof))PHSEPS (U] e])
IF ool TaT(IeN)) PaN2GePI2
CTT=CT(AIOCT(T) ST LUIASTHL)
DEXES S ELL LS L YT § ]
IFtJFRT) LSCUe]l)==P]
REL2ALOGIRS (e le L) /RS (U D))
GRUA{Je 11 =CITan =St )e 1) oSTT
LT ix) =L o85TTeDS (U 1)WCTT
CALL MINVIiaU i eILeNDel o)
CALL tmerii(u JToDONvesSTelL oL L)
W iTE(EaTiN) N
v [TE(ne 100)

akITe (~e503) (STCD)eI=1ofL)
DIVELY ENES ES {8

welyen)=0 v

SIStGen¥=51100)

BOITEC LS 3 S TR
W/ lue ) e toeM)oSTIII®ONG (U 1)
WAL PSUN(Je™) @820 (ZaR 42 (Jeiv) ) a2
[Fefvor bu.l) 0 TO TV

MUSCIUNS £ 3 R LS

XL ([)=YP(])

b (1) =42(])

TN LS IS I )
ENTERLE EEY NN S ]
YR [ ~)aYkl ()

ZBRLILP) =LPi-t])

TR (IYeo,eGuul 59 TO Jav
oM T=zlely

[HANEYTINED ENTH

L7/~ la)=¢(Tely)
YY3IYrr ()) =Y (1)

bfJet =Sk (YYOYYL/L202)7)

ANz ALST 1L/ tdeT))

TF LYY s qUo) ) T 79
hzw[epS§

(RIS R )
WA .
IF U7 LTelar) nz=2{geAas
[SEINTE 8 Y

IF Lot FoT il en)) BlJel)zner]p
it eleti) zue

(BTN R
eJeliPeh)air(gel o)
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00002240
000ue?s0
00007200
00002270
0nonue2ud
000022
0007300
20002310
00002320
00007330
00002340
00002350
00v02360
00002370
00002340
006002390
00002400
0000rw10
00002420
naeole 30
0092640
000074950
00Q0,%0Y
00007470
NNHVze M0
00NUrGY0
nonuss500
G306eH1T
9900250
aonaeyso
TR P TN
0NVNeH»L
9angeseu
LB PO R AT
NANLS a0
N020r9v)
Oanodlens0
0000/nly
neNe2ncl
UnpV2n3i0
a0n0eval
(NPT YY)
NNOOrAnG
0 ulaTV
[IROD PN YT
N0NYrowL
aneYeTul
0OOUETLO
NG P
[T 1 P XYV
OV Y]
THVITY S A}
Qo0 Tels
BHLOATTY
0NN/ Tov
aonhe vy



n?s3
0254
02%%
025¢
0257
02%4
0296
0260

02n8) -

0262
0263
0268
[ ¥d 1
264
0267
0264
N269
0270
0271
02ve
0273
0274
027
V27w
021
027TH
[(F-&a]
0Pr0
028}
02v?
NPn2

N2Ka '

2ns
02
| P d R4
02+
[P L]
Nean
neul
0NpQp
(PO R
N2ve
N FLY
NAum
nau?
NP
praG
alap
nan
nin.
LETR]
[LURTIXY
[LRKILY
0 ¥ne
[ R ITN]
nyn.

v
100

11
120

122

123

e

ORIGIN A

G

OF POOR ., ry

LO N0 T=z1.0L
Gzid(Jelelen)
IF (LY TLLaN) ) PuNzg
IFtoat i [ (len)) P22 gale]})
TPt TaT(lant) wHSTher]/
Dtdsl ety srpy=r(Jo )
GO 1ed d=Vall
RiJaTl ) =REJel)
Priu) 20,0
ALY RNEALLS IO Y ) ]
AR IND AR (N) e YR LJ)ONF
ATIN) =AT (N2 e/ (J)ONF
TREJe™M)I 30
O 10 [=1.0L
[LERR]
YY2Yur (A=Y {aN)
22:/0209) =L (1 eN)
LTy vaCTllre//oNT(D)
WU (Y e () =Y (e e®) ) =CT (D) e UZPP U=/ (1R IST L)
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PART I

MODIFICATIONS FOR CROSSECTIONS WITH CORNERS
A, Discussion

Parts I and II describe a program to compute force coefficients and
pressure distributions over arbitrarily but smoothly shaped crossections in
the absence of corners. Although solutions based on slender body theory
are invalid over regiouns of high surface curvature they are still capable of
yielding good results away from such irregularities provided additonal care
is exercised in the computation of geometric surface properties as a corner
is approached, Analytically, a corner represents an arbitrary break in the
structure of local surface properties. Any scheme of specifying corner
properties by a finite namber of discrete parameters must involve implicit
assumptions regarding the behavior of such corners between points at which
data is given. For this reason it is desireable to ha.ve a procedure which
allows the user some discretion regarding these assumptions without re-
quiring an excessive at;lount of data to define surfaces. In the following
procedure this discretion is excersized in the choice of the distribution of
orthogonal lines Si introduced in Fig. 2.

In a finite computational scheme the difficulties inhereat at 2 corner
first become manifest when the local radius of curvature on <, becomes
small compared to the distance in the y,z plane to the neighboring cros-
section Cn“. Such points are illustrated in Fig. 16 at (i,n) = (15,5), (15,6),
(15,7). For practical computations such points are equivalent to the sharp
corners of (4,2), (4,3) and must be treated in the same way. In contrast
to the procedure of Part II which ''rounds off"' regions of higher curvature
it is more appropriate now to adapt the opposite procedure namely: a region

of finite but large curvature is to be replaced by a sharp corner, If this
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approximation should prove too crude it would then be necessary to include
an additional contour between Cn and cn+l so that the distance between
contours is less than the local radius of curvature, a procedure which is
equivalent to supplying more detailed data to fill in the objectionable gaps.
B. Definitions

1. Stringers S,

The lines orthogonal to the crossectional contours C(n) and for which
i = constant shall be called stringers. These are the family of lines Si first
illustrated in Fig. 2.
2. Corner lines § = IC(K)

These are lines passing thru corner points. They are to be considered
as part of the family of stringers Si. As such they are contimzed over the
entire length of the body even though previous or .subsequent crossections do
not have corners. An example of one such line is shown for i = 4 in Fig. 16.
Corner lines are distinguished by the index IC(K) = i signifying that the index
of the K™ corner, counting counter clockwise, is i. Thus in Fig. 16
IC(2) = 4. (For programming convenience it is expedient to designate the
first stringer i = 1 as a corner line ie (C(1) = 1 even though there may be no

corners along this line.)

3. Submerged lines IBP(K, n), IBM(K, n)

A stringer Si from the contour Cn may intersect a corner line before
it intersects the next contour Cn-l-l as illustrated in Fig. 16 at (10,6), (16,4),
(14, 5) and (17,6). Subsequently such stringers are considered to follow the
corner line and are regarded as submerged. At the Kth cormer on Cn the
highest submerged line index is denoted by IBP(K, n) and the lowest by
IBM(K,n). Thus from Fig. 16 we find IB1(5,7) = 17, IBM(5,7) = 14, A
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cormer line may also be counted as a submerged line ie: IBM(15,5) = 15,

IBM(15,4) = 15. We note then, that every intersection of a corner line IC(K)

with a contour Cn has associated with it the indices IBM(K, n), IBP(K, n).

For purposes of illustration a cc...plete table of IBP(K, n) is provided in

Fig. 16. Finally, we note that in the absence of any corners along i = 1 we

net IBM(1,n) = IL 4+ 1. In Fig. 16 this means that IBM(1,n) = 19,

C. Modifications to the computational procedure

1. Collocation Points

Points P'(i.n) at which v/, © etc. are to be evaluated were pre-
viovsly found by smooth interpolation between P(i-2,n) and P(i+2,n). To
avoid the requiring of an excessive number of data locations P(i, n) between
corners this has been modified so that P (i, n) is read directly from supplied
data or by simple interpolation between neighboring locations P(i,n), P(i+l,n).
In many practical applications the contour curvature between two corners is
small and the later procedure should be adequate,

2. Computation of dv/dx

Values of §v/08x are to be found at P(i,n), P(i+1, n) and interpolated to
obtain a value of P'(i, n) between i and i + 1. (This represents a minor but
necessary change from the procedure of Part II which determines bv at
P’(i,n-1) & P’(i,n) and interpolales the associated derivatives along the x
direction). The increments 8v are taken along the stringers and as long as
these do not intersect the corner lines the determination of §v/6x at the data
points P(i,n) is carried out as thc.gh no corners were present,

When a stringer Si intersects a corner line the local corner geometry
is assumed as aﬁown in Fig. 17 which represents an enlargement of the local

configuration as it appears in Fig. 16 at P(4,2) and P(4,3). While 8v as
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indicated in Fig. 17 may be calculated directly from the data presented in
the plots of C, and S;, the value of 8x must be inferred from the agsump-
tion that the corner line shown in Fig. 17 is closely approximated by a
straight line, Thus with bvl, 6v,, as indicated in Fig. 17:

0x = [x(n-l-l) x(n)]r-—r-

This is to be compared with the calculation away from a corner where §(x)
is simply x(n+1) - x(n).

To devise a program which is applicable to all possible instances of
corner geometry it is necessary to tave tests which indicate when a stringer
emerges from corner as between P(4, 2) and P(4, 3) in Fig. 16, and when it
converges toward a corner to become subsequently submerges as is the case
between P(11,6) and P(11,7). Such a test is readily constructed with the aid
of the indices IBP and IBM. Thus for example:

at least one stringer
IBP(K, n+1) < IBP(K, n) has emerged between
P(IC(K), n) & P(IC(K), n+l)
and

IBP(K, n) - IBP(K,ntl) = no. of emerged stringers,

In this manner IBP and IBM provide complete information regarding the
emergence or convergence of stringers on either side of a corner line,
This information together with implied geometry of Fig. 17 enables the
computation of 5v/6x at the center of contour segments which are adjacunt
to corner lines,

3. Curvature

The fact that curvature is divergent near corner-like points leads to
errors in the computation of 39/9x when using the program of Part II. This

program in effect rounds off corners whereas as pointed out in the discussion
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above a more appropriate procedure is to treat regions of high curvature as
sharp corners ie as though high curvature regions were concentrated at a
corner point, With this procedure the curvatrre of segments adjacent to a
corner is small and may be obtained by extrapolation from a neighboring
segment. Thus, referring to Fig., 16 we would have:

h(sa 3) = h‘zﬁ 3)
h(4, 3) = h(5, 3)

4. Computation of 66/0x

In Part II 60/6x was approximated by central divided differences
involving ofi,n-1), o(i,n), ©(i,n+l). This procedure breaks down at a cor-
per. The rules to be followed near corners will now be that (bclbx)i.n will
be computed by:

Forward divided difference when Si and/or Si 4] emerge from

a corner,

Backward divided differences when Si and/or si+l converge

to a corner.
Central divided differences away from cu -ner.

As an illustration corresponding to Fig. 16

_0o(4,4) - 0'4,3
Gor, 3 = Lot

_ 0(10,5) - ¢(10, 6)
(aclax)lo,6 - x(8) - x(°)

In the event of a stringer einerging just behind a segment and again
converging just ahead of it 30/3x shall be assumed to be zero.
5. d0/de
To compute d0/ds we just find ¢ at all the data points P(i,n) (except
at a corner pt.) by interpolation between neighboring collocation points

P‘(i-1,n), P '(i,n). At corner points dco/ds is then found by forward
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differences leaving a corner along C a 8nd by backward differences when
approaching a corner,

6. Matrix Inversion and Summation

Tor the matrix inversion process encountered in the evaluation of
o{i,n) it is convenient to reorder the indices so that the actual finite segments
of a contour C are indexed consecutively. This involves shipping over sub-
inerged segments in the counting process. Such a reordering may be accom-
plished through the introduction of a new index IR(m) for which the m are
consecutive indices and:

IR(m) = i

for values of i corresponding to unsubmerged segments. Thus we would have,

for example
mL

2 a(m(m),n) a(1R(m), j n)= Y oti,;n) ad, j, n)

m=1
where the latter summation is taken only over those values of i corresponding
to segments which are not submerged.
The remaining computational procedures from Part II are not affected

by the presence of corners and do not require modification,
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62




el

L wouis ladddd

032, B _aEs e camne ~—w T -~y -
) —=EXACY SBT {
{ O iL =20
- CIRCULAR CONE
028 ¢ = x TAN 10° 7
a=0.|
024 -
\) <
020———t— \~op— _
. e
016 o _ _
_1
{
. or 5
.008 \
)
004 2\
\
(0]
80 120 O\ 200
o]
- 004 [

FIG.5 SOURCE STRENGTH o ON CIRCULAR

CONE

63

AT ANGLE OF ATTACK, a=0.l



u

o114 - -
——— EXACT SBT
O iLs20
CIRCULAR CONE
r=x TAN I0° 4

—
Q.12 -
0\ a =0.1

0.0 \\\
9
\ | '
[ 4 |
0.03 J

004 \ .

o
0.02 ,
\o\
\ O%o-
0
0 40 80 120 160 200

€

FIG.6 oa¢/ax AT X=| ON CIRCULAR CONE AT
ANGLE OF ATTACK,a=0.1

bé



Cp

0.2¢

OPICINAT 1.,

OF POCR QL.A.LI[‘I;

0.20}

o

— EXACY SBT
il =20
CIRCWLAR CONE
r=2 TAN 10°
x=i/2, a=0.1

g

0.6

0.12

0.08

0.04

(o)
I~ 0 O=Q,

-0.04

FIG. 7 PRESSURE COEFFICIEN1

80

120

AT x=1/2

ON CIRT.LAR CONE AT ANGLE
OF ATTACK, a =O.1 AND MACH

NO.= O

65



.028

. . .
——— EXACT SBT
O iL =20
CIRCULAR TONE, r =x TAN 10°
oM} OGIVE BODY, r=x(l- x/2) TAN 10°
' Lret* Sret*!
020 o
o
CONE
o2 : /i
008
/ o _0o
004 o 5—"GavE

o—"

o) 0.2 0 0.6 08 1.0

3

FIG.8 LIFT COEFFICIENT FOR CIRCULAR

CONE ANO OGIVE AT ANGLE OF
ATTACK, a = 0.1

66



(‘.‘ 7'\ A‘ ' booa v, 0
Ut Pove GUALLYY

014 , , ;
— EXACT SBT
O iL=20
CIRCULAR CONE, r=x TAN 10°
Kol4 N OGIVE B00Y, r=x(1- x/2) TAN 10°
Lref® Sref=!
.00
008
v-cM
.006
004
O
O
.002 O/.
OGIVE
O
(@)
o) 6/1
(0] 0.2 0.4 0.6 0.8 1.0

F~. 9 MOMENT COEFFICIENT FOR CIRCULAR
CONE AND OGIVE AT ANGLE OF
ATTACK, a =0.l

67



X 3N
2, '-5'(!-—2—) 2,=1/30

fo =2 l'

FIG. 10 SAMPLE FUSELAGE

68

i L=t ST S(I-x))

ro =*1/30 + z,




ORiv, S
OF Puun |

0.09
0.08}-
0.07‘ -
0.06}-

0.05}

0.04}-

003+

0.02}- -

0.01r

RO i Al s BB . A I

: |

i 1
0 0.0l 0.02 0.3 0.04 0.05 0.06 0.07
y

FIG.Il GENERATION OF INPUT DATA FOR
SAMPLE FUSELAGE

69



0.5 T v
O LOWER MERIDAN
O UPPER MERIDAN
iL=20, N=I10
0.4 —o\o
0.3
0.2
0.l _ D‘
00
0 /
() |
-0.1
-0.2 |
(o] 0.2 04 0.6 0.8 1.0

FIG.12 Cp ALONG UPPER AND LOWER

MERIOAN OF SAMPLE FUSELAGE
AT ANGLE OF ATTACK, a =l10°

AND MACH NO. =0

70



008

ADT
Teaad,

. ©ud

.006

004

002

-.002

CL 0
/D{Q TN
\
u \
_Ho—>0 —M__o—
-{ _O O\
(o) ] I\
0.2 0.9 06 08 x
A\
M=0 (@)
a =10° \
Leet = Spet 2| (o]
. N

71

FIG. 13 C_ AND Cy FOR SAMPLE
FUSELAGE



o {i,n)

Xa-| Xn Xn+1

FI1G. 14 INTERPOLATION PROCEDURE FOR
DETERMINATION OF (3c0/3x) in

72

ARG M AR AR A AL AR A



U PUUL RYNUE

-Y

Cn+

FIG.15 INTERPOLATION PROCEDURE FOR
DETERMINATION OF (3vo/3x); q

73



10 9
IC(a)=1 8 = IC(3)
n@ / L @)
8 \ ©)
12 L C 7
- n*@
..__..+ e—— .
L]
ey .
, 7
Y
V/
14\ /; ot
IC(5)=15 IR ‘ T geIcR)
' 7 18| pexcqn 2 3
I8P (k,n)
n=l 2 3 4 5 6 7
k=1 ] ) | | { | }
2 s 5 a4 1555
s a T8 1 81818 [ 619
4! || il t i {4 1L i
51 16 16 ) 15 16 16 16
FIG. i6 ILLUSTRATION OF SEGMENTING SCHEME

FOR CONTOURS WITH CORNERS

74



g + @

_\Nm

-
-

N -YINY

()X = (1+u)x

XQ

C3 v ¥VIN

ALLZ

AN N

LYW

A
—
x\

1
!

75



