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1.0 INTRODUCTION

Effective transonic operation is required of modern-day transport and
fighter aircraft. This consideration has stimulated development of numerical
methods to compute transonic flowfields about increasingly complex
geometries. In order to be useful for design and performance analysis, such
methods must contain accurate, reliable schemes for solving the nonlinear
equations governing the flowfields as well as the capability to handle

realistic configurations.

Various finite-difference methods have been developed to calculate three-
dimensional, transonic potential flowfields about isolated wings and wing/body
configurations. To date, these methods have used formulations that require
alignment of computing coordinates with appropriate geometric surfaces in
order to apply surface boundary conditions. The codes of Ballhaus and
Baileyl'3 and Boppe,l"6 which solve various forms of the transonic small-
disturbance potential equation, use mean-plane and nearest-point
approximations to represent wing and fuselage peometries, respectively; the
approximating surface is chosen to coincide with a cartesian grid and is the
location where a linearized flow-tangency boundary conditions is enforced.
The codes of Jameson and Caughey7"9 are based on the full potential equation
and require application of an exact surface condition using analytic and
numerical mappings which generate computational grids that conform to the
entire surface geometry. Although the small-disturbance approach has so far

5-6

produced the most extensive geometry-handling capability, comparative

calculations indicate that methods based on the full potential equation

provide greater accuracy in matching experimental data. 10

This report presents an alternative approach to transonic wing/body
calculations in which the full potential equation is sclved using coordinates
that, in general, do not coincide with the configuration surface. The
wing/body surface appears as a curved boundary within a rectangular computing

grid. In order to enforce the flow-tangency condition exactly on this curved

boundary, an imaging scheme 1s used which involves surface control points and

surface-adjacent grid points. At the expense of some computational detail,

the approximations inherent in a small-disturbance formulation and the

W) i 3 -~




complicated mappings required to produce a surface-conforming grid are both

1

avoided. Schemes similar to the one outlined have been applied previously to
calculate flows about simpler, two-~dimensional planar and axisymmetric

<:onf1gurat:ions.10'14

The objective of this contract was to develop a computer program, based
on a global system of non-surface-fitted coordinates, to calculate transonic
flowfields about wing/finite-fuselage configurations and to compare calculated
solutions with relevant experimental data. It was determined part way into
the contract period that the coordinate formulation originally proposed as the
basis for this effort was inadequate and a more complicated system, involving
a higher degree of nonorthogonality, was needed to achieve acceptable
solutions. The delay associated with this reformulation as well as some
initial difficulty in achieving stable operation of the program have resulted
in a geometry capability that consists of a general wing attached to fuselage
of semi-infinite length.

Sections 2.0 and 3.0 of this report outline the formulation of the
wing/body problem. Section 4.0 describes the numerical solution scheme. A
discussion of results is given in Section 5.0, and remarks relating to
required code improvements and possible future directions are contained in
Section 6.0. Appendix A is a summary user’s guide for the computer program,

and Appendix B is a program listing.




2.0 GEOMETRY AND COORDINATES

Consider the configuration shown in Figure l. A wing with multiple
sweep, taper, and dihedral is attached at a mid-height position to a blunt-
nosed cylinder of semi-infinite length. The wing leading and trailing edges
are comprised of straight-~line segments; each edge may (but need not) contain
a single break at a spanwise location that differs from the other. The wing
varies arbitrarily along its span in section profile and section twist
angle. It is assumed, however, that the variation of wing properties is
piecewise linear between defining sections. The fuselage component of the
configuration has an asymmetric side profile and a circular crossplane section

of varying radius along its length.

For convenience in formulating the numerical scheme to calculate the :

flowfield about this class of configurations, a global system of wing~adapted
coordinates 1is introduced followed by a series of coordinate stretchings.
This accomplishes several purposes. The wing/body geometry is transformed to
a standard and relatively simple form to ease computational bookkeeping.

Also, the infinite physical domain is mapped to a finite, rectangular
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Figure 1. Wing/body geometry.
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parallelopiped along whose outer boundaries exact far-field boundary
conditions can be applied. (However, the transformed wing/body surface
remalns embedded within the parallelopiped as an irregular, interior
boundary.) Finally, grid-point spacing can be arranged to provide
satisfactory surface resolution, at least on the wing at the present stage of
development, as well as efficient distribution of points throughout the
computational domain (dense near the configuration surface and progressively

more sparse as distance from the surface increases).

The wing-adapted coordinates are defined by the following relations:

- X ~ xle(y) 1 _y z - zm(x,y)
X=—m "7 YTy Ty ey (1)

vhere xle(y) represents the streamwise position (sweep) of the wing leading
edge, c(y) is the wing-section chord, b is the wing span, 7(y) is the wing-
section thickness-to-chord ratio normalized by its value at the wing root, and
z,(x,y) is a nonplanar mean surface determined by the wing geometry. This

mean surface is specified as follows:

zm(x,y) = zle(y) [x < xle(y)], (2a)
= zle(y) - [x - xle(y)] tan at(y) [xle(y) < x < xte(y)], (2b)
= zle(y) - ¢(y) tan at(y) [x > xte(y)], (2¢)

where zle(y) denotes the vertical position (dihedral) of the wing leading
edge, ut(y) is the wing-section twist angle, and xte(y) gives the streamwise
location of the wing trailing edge. Note that c(y) = X1 (¥) =~ Xeo(y)e

The transformaticn Equations (1) effectively shear out wing sweep, taper
in both chord and thickness, dihedral, and twist. In the (X,Y,2) coordinates,
the wing appears to be planar with a rectangular planform and uniform
thickness over its entire span. The constant in the x-transformation shifts
the X-origin to the wing mid-chord locus; the leading and trailing edges are
at X = + 1/2, respectively. Lines of constant X coincide with constant-
percentage~chord stations along the span. The Y origin is at the wing/body
centerline, and the wingtip is at Y = 1/2. The Z-origin is on the mean




surface z (x,y). Except for the nonplanar wing mean surface z (x,y), the
(X,Y,Z2) coordinates are similar to those used in transonic small-disturbance

formulations.

The spanwise region containing the fuselage and the region outboard of
the wingtip are treated by extending the wing leading and trailing edges while
holding the section twist angle fixed at its wing root and wingtip values,
respectively. The fuselage transforms in a regular but not well-defined
manner with distortion in length, profile, and crossplane section. In dealing
with the outboard region, the normalizing chord length in Equation (1) is held
fixed at a constant value c(y3) beyond an arbitrarily specified spanwise

position y = y3 to prevent crossing of the extended wing edges.

In order to produce a finite computational domain, each of the (X,Y,Z)
coordinates is stretched individually as described below. The stretching
formulas are adaptations to the present application of functions used

12 Figure 2 shows

successfully to compute the transonic flow about an airfoil.
the relationship between the chordwise and spanwise coordinates and also
indicates the different regions of the physical, intermediate, and stretched

domains.

® X-coordinate to f£~coordinate

Region II: XK =7f(a +a, fz) (3a)

; . : L2 ul 3
Region I,III: X =% X + A, tan [2(5 + io)J + A, tan [2(6 te) J (3b)

In Equation (3b), the upper set of signs refers to region 1 and the lower set

to region ILI. The three streamwise regions encompass the following ranges:

[: - ¢ X< =X , -(1 + 6 )< E < F (4a)
(0] Q [e]

I1: -X < X< X , ~F < F K F (4b)
¢} [¢] (¢} o

[Tl: X < X< = | PP < (1 +8 ). (4c)
o] (o]
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Figure 2. Coordinate relationships.

Regions 1 and III nominally represent the regions upstream of the wing leading
edge and downstream of the trailing edge, respectively, while Region II covers
the wing-section chord. This stretching 1is symmetric about the origin.
Constants a) and aj are determined by the conditions X = X, and

dX/d¢ = NAI/Z at £ = Eo. The transition stations txo between the cubic and
tangent stretching functions are chosen to occur a small distance inside the
wing leading and trailing edges. Parameter EO determines how much of

the £ -domain is confined between the wing edges. For an evenly spaced

f-grid, the number of £-steps in Region II compared with the total number

of F-steps will be in the ratio 50/(1 + Eo). Constants A1 and A, mainly allow

control over grid-point spacing in regions I and III but also provide some

control over the uniformity of spacing in Region II.




® Y-coordinate to n-coordinate

Region IV: Y n(b1 + bznz) (5a)

[
‘I

Region V:

Y+ B tan [l’z—(n - n0>] + B, tan [%(n - no)ﬂ (5b)

Spanwise regions cover the following ranges:
Iv: 0<Y<Y , 0<Kngn , (6a)
o} o
V: Y < Y<K =, n <n< (1l+n). (6b)
o o o

This spanwise stretching is similar to the one used in the streamwise
direction but is applied only to the half-space because only unyawed wing/body
configurations are considered. Region IV extends over the wing/body semispan,
and Region V encompasses the domain outboard of the wingtip. Constants bl and
b, follow from the requirements that Y = Y  and dY/dn = ﬂBI/Z at n =n_. The
transition station Y, is set slightly inside the wingtip, and parameter N,
determines the fraction of the n-domain confined to the semispan region.
Constants B) and B, control spacing of the grid outboard of the wing tip, in
region V.

-

& Z-coordinate to Z-coordinate

Z = C1 tan (nZ/2) (7

Constant C; controls vertical grid-point spacing near the wing mean surface.

The range of this stretching is:

o < 7K ™ ~1<g<1., (8)

Figure 3 is a schematic representation of the nonorthogonal (§,n,;)

coordinate system which indicates its relationship to the wing geometry.

Figure 4 shows a schematic representation in the physical (x,y,z) domain

of a grid-point distribution that is uniformly spaced in each of the (£,n,5)
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directions. The configuration shown involves a planar wing with a straight
leading edge. Each point in the schematic actually represents a line of grid
points. Grid taper and the clustering of points near the wing mean surface
and between the wing edges are clearly evident. The dashed line corresponds
to the spanwise station y = y, discussed previously. The planform and
crossplane views of Figure 4 emphasize the wing orientation of the present
coordinates and illustrate their lack of suitability for representing the
fuselage region. A method for improving resolution about the fuselage is
described in Section 5.0. The wing-section detail emphasizes the

nonconformity between the computation coordinates and the geometry surface.

For later use in writing the transformed differential equarions that
govern the wing/body flowfield, the stretching functions are denoted

symbolically as

5 =&(X), no=n(Y), & =¢4(2). &)

Stretching derivatives are then defined hv the relations

£(£) = di/dX, g(n) = dn/dy, h(t) = d¢/dz. (10)

Evaluation of these derivatives follows from Equations (3), (5), and (7),

respectively.




3.0 GOVERNING EQUATIONS

3.1 Physical Domain

The steady, inviscid, transonic flow past a wing/body configuration can
be considered isentropic, and hence irrotational, if only weak shock waves are
present. Such a flow can be characterized by a velocity potential ¢(x,y,2z)
that is related to the streamwise x—component, the spanwise y-component, and

the vertical z-component of velocity by the relations
u==% , v =60 w==2a , (11)

where coordinate-symbol subscripts denote partial differentiation. In
Equation (11) and below, it is assumed that all velocities are normalized by

the freestream speed q_.

Since ¢ 1is singular at infinity, it 1is convenient to introduce a

perturbation potential ¢(x,y,z) according to the expression

® =xcosa+zsina+ ¢, (12)
where a is the angle of attack of the incident flow measured in a wing-section
(x-z) plane. Then, the governing equation for the flowfield, written in

cartesian coordinates, has the form

(a? - “2)¢xx + (al - v2)¢yy + @2 - w2)¢zz - 2uve

- 2W¢’yz - 2uw¢:xz = 0, (13)




The local speed of sound a is determined by the relation

al =-—15+ (-Y—;——l) (1 - 4%, (15)
M

-3
where q2 =u2+v2+ wz, M_ is the freestream Mach number, and y represents
the ratio of specific heats of the medium (for air, vy = l.4).
The pressure coefficient at any point in the flowfield is given by the

expression

C =2 }[l+<Y_1)Mz(l_qz)]7/”‘”_1£ . (16)

The boundary condition for Equation (13) on the wing/body requires that

the flow be tangent to the surface and can be written as

[cos a + 50 o + 6 = sina+ 0. - 0; an
surface

derivatives .7; and ,7§ are streamwise and spanwise surface slopes,
respectively. In addition, the Kutta condition requires that a circulation
F(yo) must exist at each spanwise wing station y, which is of such magnitude
that the flow passes smoothly off the sharp trailing edge. A vortex sheet
extends behind the wing whose strength corresponds to the spanwise variation
of the circulation. Using a linearized model that neglects roll-up, we assume
that the vortex sheet coincides with the wing mean surface, defined by
Equation (2c), between the trailing edge and downstream infinity. There is a
Jump F(yo) in the potential function across the sheet which is constant along
lines lying in the sheet that are parallel to the freestream direction. The
normal component of velocity and the pressure must be continuous through the

sheet, however. Thus, on the vortex sheet,

+ -
¢(xte,y0,zm ) - ¢>(xte,yo,zm ) = T(yo), ¢z continuous. (18)

11




,,___-m-—--lIlII-.-l.l.l!llIlIlIlIIllIllllll.......-...-........-....-......

Far from the wing/body, the flow is undisturbed except in the downstream
Trefftz plane where the vortex sheet induces a two-dimensional downwash

flow. Thus,
$(=) =0 (19)

everywhere except on the y-z plane at downstream infinity where the potential
function satisfies the equation

2

2 2 2 -
(a°° - v9) ¢yy - 2vwé + (a°° -w) ¢zz =0 (20)

yz

subject to the boundary conditions

¢ & =~ (sina + ¢ )] =0, (21a)
[ y y z surface

¢>(°°,y,z;) - ¢(=,y,27) = [ (y) on the Kutta slit, (21b)
6+ 0 at Jyl+zise, (21c)

The Kutta slit corresponds to the crossplane profile of the vortex sheet at
infinity. From Equation (15), it follows that a_ = I/Mw. Boundary condition
(21a) applies on a cross-section of the semi-infinitely long fuselage.

For the unyawed case, only half of the configuration need be considered,
and the symmetry condition v = O is imposed on the vertical plane y = 0, which

contains the fuselage centerline.

Equations (13)-(21) collectively define the problem for the wing/body
flowfield. The two-dimensional problem for the downwash field in the Trefftz

plane is embedded within the overall three-dimensional problem.

12
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3.2 Computational Domain

The computational problem is formulated by transforming the equations of
Section 3.1 into (£,n,r) coordinates. Substituting Equations (1) and (9) into
Equations (13) - (14) and using the symbolic definitions given in Equation

(10) yields the equation for the perturbation potential:

+ F¢Ec = I, (22)

A(f¢£)g + B(gfbn)n + C(h¢c)c + D¢€n + E¢nc

where

2 2
A= ja__z_:_.}-“—.)..'. (az - Vz) GZ(‘S,”) - 2uv E’g%;‘%l £f(£) ,
e’ (n)

8= @2 -vd) gm)me,

(aZ - wz)

2 mye?n)

c = '(az —uh Ty + @ - B e, +

- 2B IEE a0) = iy [0+ B, | ne,

2
[(az -~ V) G(E,n) -?‘%} £(E)gln),

o
"
ol

_ 2 2 2, = T vw
E i~ [(a - v7) G(,n,L) uvG (£ ,n) + ;7;7;?;7] g(nih(zg),

F=2 ‘(az -y ) —2— 4+ (a - v2) G(E,n)E(&,n,C) - uv

. Egg,n,g) - - W u
[ ) + G(E,n)G(E,n) Ty vG(E,n) + Ty £(E)h(z),

13
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J = [ZUVI(n) - (a2 - vz) H(E,n)]

~[§ - cos a - G(E,n) (w ~ sin a) r(n)c(n)] c(n)

+|2v [ﬁ(s,n) + w—f(n)] - @2 -3 HE,n,0 (W - sin O)TMe®),

and

_ f(£) =
u = cos a + =) ¢§ + G(E,“)h(C)¢C >

v = GE,mE@e, + 88 ¢+ 3E,n0n@e,

h

w=2s8ina + T () o .

4

The functions G(&,n), E(E,n), E(E,n,l}), H(E,n), ﬁ(E,n,C), I(n)’ .f(“)
and 1(E,n) are transformation derivatives (see Section 3.4); G(E,n,z)

and H(f£,n,r) break into sums of two~dimensional functions so that the

(23a)

(23b)

(23¢)

potential function ¢ (£,n,%) remains as the only three-dimensional quantity in

Equation (22).

Figure 5 is a schematic diagram of the finite (£,n,Z) domain and shows

the conditions applicable on its various boundaries. The surface condition

(17) takes the form:
Ké, + Lo_ + My + N] =0,
[ 2 n : surface

where

«7;(E,n)
K = """—C'—(;')_"".'G(E,n) '(/y(F)n) f(g)’

14
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v = 0 (symmetry)

= Ao on vortex sheet

Treffiz plane:
Apply 2-0 downwash equation
’ g - i - 0onbody
A F'in) = Apin on Kutta shit
1 3 n

GPO3-1190-5

Figure 5. Schematic diagram of computational domain
showing boundary conditions.

L= -V;(E,n)g(n)/b,

"y oy ~ 70 _.___1_.__
M= [G(E,n) ./*(g,n) + G(E,H,C)-Iy (E,n) e ] h(z),
N = (cos a) .‘/;(E,n) - sin a.

The far-field boundary condition remains ¢ = 0 on all edges of the
computational domain corresponding to infinity except the transformed Trefft:z
plane where the governing equation becomes

BT + CT(h + ET = J7 25

(g¢n)n ( ¢C)C ¢nc ’ (25)

with

BY = (ai - V2) g(n)/bz,

15

ot o




Wy

s g @2 - wh (1+g_,n,0)
cT = (a, -v) G (1+€o,n,C) +— 7 - Tme(m h(z),
T ()" (n) nJetn

T2 2 0222 % - VW

Bl = ¢ [(am V) G4 ,n,z) T(n)c(n)]g(n)h(c),

N 2 2.~ |

JT = IZWI(n) - (a, - v H(H{O,n,;)‘ (w - sin a) T(n)c(n),

and velocities v and w follow from Equations (23b) and (23c)
with ¢E = 0. Equation (25) is subject to the boundary conditions

&) = S S
./y<1+£°,n) e %n +[G(1+£o.n,c).7;(1+£o,n> r(n)c(m]h(‘)“’c

- sin a = 0, (26a)

surface
$(E,»m50") = 6, _» 1,07) =T(n) on kutta slit, (26b)
(26¢)

¢ =0 at n = 1+-no or z = tl.

On the wing/body symmetry plane, the condition v = 0 is enforced using

Equation (23b).

3.3 Local Streamline Coordinates

For use in applying upwind-biased finite differences (Section 4.1), the

potential equation is rewritten in coordinates that are locally aligned with

the stream direction, which is denoted by S. 1In such coordinates, the

principal part of Equation (13) takes the form:

2 (27)

2 2
(a -q)<bss+a (A¢-¢Ss)=0.

16
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where

soo=q72 s+ v s+ 2uve. + 2vwe + 2uwh ) (28)

"$S XX vy zz Xy yz Xz
and Ad represents the Laplacian:

Ay = ¢xx + ¢yy + ¢zz' (29)
In computational (£,n,Z) coordinates,

-2
= + + Vi + 0
¢SS q F%f¢€)é + Q(g¢n)n + R<h¢C)C + S¢£n T¢nc ¢€C W]o (30}

with

2
P =|—= + v2G2(£.n) + 2uv S&,n) £(€),
cz(n) c(n)

Q = vzg(n)/b2
‘ 2 =2 2 ~2 w2 = ~
R = u G (E,T\) + v G (E,n,C) + + ZUV G(Esn) G(E:n,C)
(e (M)
+.___§E_,_ u G(E,n) + v G ,n,z) l» h(g),
T(n)c(m i R ’
_21.2 uv
S = Ny [v G(E,m) +~————C(n)] f£(E)gn),
2 2~ = P A"
T =2 [v G(E,n,z) + uvG(E,n) + ,mc(n)] g(n)h (),

2 = N = -
v - z:&-—g—%ﬂl + w2 6, n) TEnT) + v [-G-‘-f-:-%)—‘—)— + GE,m G(E.n)]

. -~ )
DN RPN NP NS TR

o i e L




w

—_ u
T(n)e(m)

[V G¢,n) + ‘E“(?)-]’ £,

W= [Zuvl(n) + VZH(E,H)] [u- cosa - G(E,n) (w - sin a) r(n)c(n)] c(m)

+ {ZV[JT(E,n) + df(n)] + v2 ﬁ(i,n,;)} (w - sin a) 1(n)c(n).

The Laplacian becomes

Ad = Pl(f¢g)E + Ql(g¢c)5 + Rl(h¢C)C + Sl¢En + T1¢CC + V1¢FC + W, (31)

where

—

P =[ o +G2(€,n)} £(5),
¢ (n)

R, ={Ez(5,n) + 3% n,0) +—-2———i2——- h(z),
(M) (n)

S, = 26, M EEY)g(n) /b,

T, = 26(,n,2)g(Mh(@) /b,

_ —G-(gs“) i
Vl = 2['—"(:(“) + G(Eyn) G(E,H’C)jl f(E)h(C)y

18




Wl = H(f,n) [9 - cos a - E(ﬂ,n) (w - sin a) T(n)c(n)] c(n)

+ H¢F,r,z) (w = sin a) T(n)c(n).

3.4 Transformation Derivatives

In Sections 3.2 and 3.3, various quantities appear which represent
transformation derivatives becween the (x,y,z) and (X,Y,Z) coordinates. These

derivatives follow from Equation (1) according to the following definitions:

G(x,y) =§§ —— G, (32)

H(x,y) =3—2—§ — H(E,n) (33)
dy

I(y) =§i§y —— 1M (34)

Clxry,2) =§§ —— EEn.0) =T 0,0 + 8, (35)

H(x,y,2) -3% — HE,n0) = H M0 + H,(€,n) (36)
3y

Tx,y) = gify —— TeE,m (37

Guy) =22 — TeEm (38)

T(y) = gjgz —_— I (39)

19
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Evaluation of these transformation derivatives in the computational domain
uses the one-to-one correspondence that exists between grid points in the
(x,y,2), (X,¥,2), and (£,n,;) coordinate systems. The splitting of the
functional dependence shown in Equations (35) and (36) actually occurs in the
(X,Y,Z) system. Transformation derivatives which are not included among
Equations (32) - (39) either are zero or have been explicitly evaluated in the

equations of the previous sections.
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4.0 NUMERICAL SOLUTION SCHEME

4.1 Finite-~Difference Approximations

The type-dependent finite-difference concept introduced by Murman and

Cole16

is the basis for numerical schemes to compute steady-state transonic
flowfields. Central differences are used to approximate the potential
equation at subsonic points of the solution domain, and upwind-biased
differences are used at supersonic points. Thus, the mathematical character
of the equation is properly represented as it changes type from elliptic to
hyperbolic. The original application involved the transonic small-disturbance

potential equation.

In order to apply upwind differences to the full potential equation, it
is necessary to take into account the misalignment between coordinate lines
and the velocity vector at any given point of the flowfield. The principal
part of the equation is recast in a form that constitutes an effective
rotation to the local stream direction, denoted by s:17

2

(1 - M7)o o + (86 - ) =0, (40)

SS ¢SS

where M = q/a 1is the local Mach number and the quantities ¢SS and Ad are
defined in Section 3.3. Then, upwind differences are used to approximate
contributions to the first term on the lefthand side of Equation (40), and

central differences are applied to factors associated with the second term.

Jameson has shown further that the relaxation procedure for the finite-
difference counterpart of Equation (40) can be viewed in terms of a damped,
three~dimensional wave equation involving an artificial time.’” The time

dependence arises because of the appearance in difference formulas at each
(n+1)
1,3,k’
from the previous relaxation step. Thus,

grid point of both a new solution value ¢
{(n)

1,5,k
timelike terms occur implicitly which correspond to ¢St' These terms play a

from the current relaxation

step, and an old value ¢

role in controlling the stability of the relaxation process but do not affect
the final solution since they vanish as the process converges. Sometimes the

damping inherent in the finite-difference analog of Equation (40) must be




prr——

augmented; this can be accomplished by adding to Equation (40) a term of the

form
by = .4 bstfu A w
AQSt_ - q x(qut+q¢yt+q¢zt>
--¢ a4t [sz(€)¢€t + Qe+ th(c)oct] , (41)
with

p, = —L(u ,: - +vG(€,n):l ,

2 qzc(n)bi c(n)
Q, = f(€lu v
2 qzc(n)A€ b

R 91 [ua(n) + vE(E,n,C) +

W
a2e(n)se T(”’c‘”)] )

In Equation (41), the value of parameter € is arbitrary and can be adjusted to

control the amount of damping augmentation.

In writing difference approximations, central differences based on old
values are used to calculate first derivatives required to evaluate the
velocity components in Equations (23a) - (23c¢c). At grid points where the flow
is subsonic, Equation (22) is used, and second derivatives are represented by

central differences. Typical formulas are

22




1 ’ (n)
(fo,), = —— é. . + £, . ¢ .
£°¢ z<ag)2} i+1,j,k i,J,k) i+1,5,k

1  (n+l) 1 (n)
- + + S - =
(fi+l,j,k 2fi,j,k fi—l,j,k) [w ¢i,j,k + (1 (») ®i,j,k]

(n+1) ‘
¥ (fi,j,k * fi—l.j.k) ¢1-1,j,k ” (42)
-1 (n) (n)
(gv,), = [(g +g, .. @, -0 )
N an)y2 1,j+1,k i,i,k i,j+l,k 1,3,k
(n+1) (n+1)
"Bk B Yk ¢i,j-1,k)] ’ (43)
R (n) (n) (n+1) 0+
Yoo T 4bga [¢1+1,j,k+1 - ¢i+1,j,k-1 + ®i—1,j,k-1 Vi-l,j,k+1] . (44)

In Equation (42), the relaxation factor w has been incorporated into the
difference expression. Also, in Equations (42) and (43), stretching function
values required at half-step points have been evaluated as the average of the
values at grid points on either side; the averaging is a second-order
approximation to the stretching function at the half-step location. At grid
points where evaluation of the local velocity indicates the flow to be
supersonic, Equation (40) 1is used, and second derivatives contributing to

in the first term are upwind differenced. For example, in the case where

@
58
velocity components u, v, and w are all positive,

o1 (m+l) _ () (a+D)
(£op )¢ = 2 [‘fi.j,k Lk Pk T 0k T Ciel, g,
2(6)
(ntl)  _  (n)
T C e gt Fg, 50 ®aen g q’1-?.,3'.\3] ’ (4
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21 (n+l) _  (n+l) (n+1) (n+l1)
Yec T Bedc [*i,j,k Piak-1 T a1, 5,k-1 T Piel, g,k | (46)

Derivatives associated with the ¢St terms are approximated by upwind

differences; a representative form is

1
be(fee ) =g Gy g0t fir, 4,6 [(°1,3,k =009,k

(ntl) _ (n)
- Ok ¢i-1.J,k)] ‘ (47)

If u, v, or w is negative, Equations (45) - (47) are revised to reflect the
appropriate upwind direction. All second-derivative contributions to the
term (8¢ - ¢SS) in Equation (41) are central differenced in a manner similar
to Equations (43) and (44).

4.2 Boundary Conditions

Since the present formulation produces a finite computational domain
(Figure 5), application of far-field conditions is straight-forward on those
faces that represent infinity and on which ¢ = 0. The boundary condition in
the Trefftz plane (downstream infinity face) depends on the circulation
distribution and 1is not known a priori; therefore, it must be calculated by an
embedded relaxation procedure which solves the two-dimensional problem for the
downwash field. This calculation is based on Equation (25) with boundary
conditions (26a) ~ (26c); central-difference approximations are used similar

to those at subsonic grid points. The Trefftz-plane calculation coincides

with updates of the circulation distribution. Finite differences in the {~

Y




direction that traverse the vortex sheet are adjusted to incorporate the
potential jump across it. At the wing/body symmetry plane, where v = 0,
Equation (23b) is used to compute values of the potential function at image
points located one grid-step beyond the computational domain. In order to
compensate for coordinate nonorthogonality at this plane, derivatives are
replaced by one-sided differences that are oriented to correspond with the
skewed intersection of spanwise grid lines. The present symmetry-~plane scheme

4

is an extension of one used by Boppe” and has proved to be numerically stable.

At the wing/body surface, special treatment 1is required to enforce the
flow tangency condition given by Equation (24). A scheme 1s used that is
based on ideas derived from previous numerical applications of non-surface-
fitted coordinates.l1»12 The Neumann form in Equation (24) is replaced by an
equivalent Dirichlet condition that is applied at image points below the
wing/body surface. Referring to Figure 6, point S is a typical surface
control point defined by the intersection of a vertical grid line. Using the
corner-shaped boundary-point array shown, one-sided differences based on the
Lagrange interpolation formula for three unevenly spaced points are
substituted into Equation (24) to obtain a Dirichlet value for the potential
function at point S. Extrapolation along line S-1-2 then transfers this value
to the uniformly spaced image point Dl located below the surface boundary.

Thus,
$(D1) =,i'[v¥(5),.y§(5), ¢1...¢6, AE, An, Az, 6] , (48)

where'V*(S),.V;(S) are known surface slopes, ¢1...¢6 are potential values at
indicated points of the boundary array associated with point S, (A&,An,AL) are
grid stepsizes in the respective coordinate directions, and § is the offset
distance between point S and the grid point above it. Repeated applications
of the Lagrange formula to the sets of points connected by arrows in Figure 6
provide the inter-grid values ¢3-..¢6. The potential-function value at image
point Dl fixes the boundary condition during relaxation of the solution at
exterior points on the vertical line DI-2. After each relaxation sweep of the
exterior field, the image-point potential value is recomputed. In the event

that upwind differencing at a surface-adjacent point necessitates a second
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KS+2
KS+1
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$ Surface point at which Neuman flow-tangency
condition is enforced
1-6 Exterior points used to calculate equivalent
Dirichlet potential at surface point $
D1, D2 interior image points used in numerical
solution scheme
8 Grid-point offset distance
GP03-1190-6

Figure 6. Grid-point array used to numerically enforce the
boundary condition at a typical wing/body surface point.

image point D2, the associated potential value is obtained by linear

extrapolation in the vertical direction.

In order to treat each control point consistently, the corresponding
boundary~point array is usurlly directed to the exterior side of the wing/body
surface. Thus, a reorientation of the array occurs at a locus of zero
streamwise slope on a convex part of the surface, as shown in Figure 7. This
arrangement has the effect of eliminating direct coupling between neighboring
image points in the present methodology. The boundary-point array is not

reoriented in concave surface regions, however.

Additionally, {t has been found useful to permit surface image points to
be multi-valued in order to more accurately represent the surface condition at
configuration edges. Figure 8 indicates schematically the situation in a
wing-section plane. Image point P represents the leading-edge condition
during relaxation of the solution on the line ILE-~1 upstream of the section.

Then, for computation on the segment of line ILE below the section, point P

represents a lower-surface condition. In the same way, point P can also be
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Figure 7. Arrangement of boundary-point arrays relative to
locus of zero chordwise slope.
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Figure 8. Computation schematic: wing-section plane. Illustrates multi-valued dummy points.
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assigned an upper-surface boundary value. Image point Q at the section
trailing edge is treated similarly. Other such multi-valued image points
occur at the fuselage nose, along the side-edge locus of the fuselage, and at

the wing tip.

4.3 Computation Procedure

The system of algebraic difference equations for the wing/body problem is
solved iteratively by systemically sweeping through the computational space
(Figure 5) and relaxing the solution along vertical columns of grid points.
In the present methodology, the domain is swept by crossplanes beginning at
the upstream-infinity boundary and proceeding to the downstream-infinity
boundary. Each crossplane is swept by vertical lines from the configuration
symmetry plane to the spanwise-infinity face of the domain. In a crossplane
that intersects the wing/body surface, all column segments beneath the
configuration are relaxed first, followed by column segments above the
geometry, and then by columns in the outboard region of the crossplane. The
relaxation procedure is continued until either a prescribed convergence
criterion 1is satisfied or a specified number of domain sweeps have been

completed.

During a particular iterative cycle, the first step is to fix the
surface-boundary condition by calculating image-point potential values
associated with each surface control point. The solution is then relaxed
throughout the domain as described above. At designated intervals, the
circulation distribution is updated by applying Equation (26b) at the wing
trailing edge. Following each circulation update, the Trefftz-plane boundary
condition 1s recalculated by an embedded relaxation of Equations (25) - (26)

for the downwash field. The cycle is then repeated.

During the sweep process, image-point values for the wing/body surface
condition are substituted sequentially, as required, into the solution array
that stores the potential function. This procedure simplifies program logic
by effectively eliminating the distinction between surface-adjacent grid
points and interior field points in computing finite differences. On vertical
grid lines that intersect the wing/body configuration, grid benchmarks for the
surface-adjacent points are used to designate the length of column-segments on

which the solution is relaxed.
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5.0 RESULTS

Representative calculations have been made for a configuration comprised
of ONERA Wing M6 attached at mid-height to a hemisphere~cylinder fuselage.
Details of the wing geometry are given in References 18 and 19. The wing has
a planform with a leading-edge sweep angle of 30°, a taper ratio of 0.56, and
a uniform section whose thickness ratio is 0.098. The fuselage radius 1is
taken to be 25% of the exposed wing semispan. A representation of the

configuration planform is shown in Figures 9 and 10.

Figures 9 and 10 also show the calculated pressure distributions at
several spanwise stations on the configuration for a freestream Mach number of
0.84 and angles of attack of 0° and 3.06°, respectively. The sharp peaks in

the wing leading-edge region are the consequence of grid coarseness (see

below). There is an indication of a double-shock structure in the midspan

15 T

Os”é\_,\ N
Cph ]
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0 { V¢
X Xel €
T
- 4
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L \ 25% semi-span
1 Y au— -
-0.2
0.2

GP1Y0%27 2

Figure 9. Calculated surface-pressure distributions on a configuration composed of ONERA Wing M6
attached at mid-height to a hemisphere-cylinder fuselage: M _ = 0.84, a = 0°. Grid dimension:
49 x 19 x 25. Every third spanwise station is shown.
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Figure 10. Calculated surface-pressure distributions on a configuration composed of QNERA Wing
M6 attached at mid-height to a hemisphere-cylinder fuselage: M = 0.84, « = 3.06°. Grid dimension:
49 x 19 x 25. Every third spanwise station is shown.
region of the wing, which coalesces to a single strong shock near the wing
tip; this effect is particularly evident for the lifting case in Figure 10.
In both cases, the pressure distribution at the fuselage centerline is

modified by the presence of the wing, again with a more pronounced effect in
the lifting case.
In order to assess solution accuracy, the calculations are compared with

avallable experimental data for ONERA Wing M6 obtained in a wing-alone test

(References 18 and 19). Since spanwise grid stations and test stations on the

wing do not coincide, the computed results are interpolated iinearly along
constant-percentage-chord lines to the positions of the data measurements.

The comparisons are shown in Figures 11 and 12. 1In general, agreement is

reasonably good especially near the wingtip where the presence of the fuselage

in the calculations has the least effect. Differences near the wing leading

edge and the poor resolution of the double-shock structure along the wing can
be attributed to grid coarseness in the computed results, while trailing-edge
discrepancies are more probably the consequence of viscous effects in the

data. (Note the definite shock-induced separation exhibited by the test data

at the wingtip station in Figure 12.) Anomalous behavior such as the
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inflection at the downstream end of the shock wave at y/b = 0.95 in Figure 12

is probably caused by the interpolation procedure; it is not evident in the

actual computation results.
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Figure 11. Compsrison of wing/body calculations at M = 0.84, o

GP11 0527 2

0° with wing-alone

experimental data for ONERA Wing M6 at M __ = 0.8399, o = 0.04°. Data are from Reference 19.
Parenthetic numbers denote corresponding spanwise positions on the wing/body configuration.
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Figure 12. Comparison of wing/body calculations at M | = 0.84, « = 3.06° with wing-alone
experimental data for ONERA Wing M6 st M = 0.8395, « = 3.06°. Data are from Reference 19.

, Parenthetic numbers denote corresponding spanwise positions on the wing/body configurations.
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The calculations for these cases were carried out on a 49 x 19 x 25 grid
in the chordwise, spanwise, and vertical directions, respectively. Thirty~-
three vertical grid lines intersect each wing section chord, thus providing
sixty-six (upper plus lower) surface control points on each section profile.
Control points are spaced at approximately every 3% of section chord with an
edge-offset of 0.5% chord at the leading- and trailing-edge points. The
pressure peaks in Figures 9 and 10 correspond to the second chordwise control
point from the leading edge on each section. In the spanwise direction, 13

grid stations occur on the configuration semispan.

The calculations were performed on a Control Data CYBER 175 computer with
FTN(OPT=2) compiler. The nonlifting case of Figure 9 required 2.10 min of CPU
execution time, and the lifting case of Figure 10 required 5.23 min.
Convergence is based on a 10™% cut-off limit on the maximum correction to the
potential function over the solution domain between the final two iterative
sweeps. Decreasing the cut~off limit to 10=3 was found to approximately

double solution times.

Table 1 shows the accuracy of the scheme used to numerically apply the
surface boundary condition. At two semispan positions on the wing, velocity
slopes computed from a converged solution are compared with prescribed
streamwise surface slopes. Agreement between corresponding slope values
extends to at least the third decimal place, one order-of-magnitude greater

than the cut-off limit on the potential function.

In order to explore the stability of the computer program, additional
calculations were performed for a configuration with the planform shown in
Figure 4 in which the wing has a uniform NACA 0012 section. Convergent
operation without the use of damping augmentation was achieved in nonlifting
cases for freestream Mach numbers up to 0.99 and at selected (supercritical)
Mach numbers for angles of attack up to 6°. These results are not included in

this report since no comparison data exist for the particular geometry.
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-SLOPE VALUES AT TWO SEMISPAN STATIONS.
pzZoxu

{ SLOPE = CALCULATED VELOCITY SLOPE.
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6.0 CONCLUDING REMARKS

The present work substantiates the use of non-surface-fitted coordinates
for numerical computation of transonic wing/body flowfields. However, a
number of modifications and improvements remain to be incorporated in order to

make the present computer program useful for engineering applications.

The capability of the program to perform calculations on a series of
progressively finer grids needs to be completed in order to improve computing
efficiency. This modification involves two requirements. Verification of the
grid-halving subroutine in the program must be completed, and the array that
stores the potential function must be moved to disk storage, with a sequential
transfer into central memory of only those array segments required at each

stage of the computation process.

The chordwise stretching function used between the leading and trailing
edges of the wing 1is symmetric about the mid-chord locus. In order to improve
resolution of the blunt leading-edge region within a fixed grid dimensioﬁ, the
introduction of an asymmetric stretching that clusters more points near the
leading edge than the trailing edge would be helpful. This modification would
provide a more efficient means of improving solution accuracy in the leading-

edge region than a simple increase in the numter of chordwise grid points.

Incorporation into the program of a finite-fuselage capability would
provide a better geometry model for engineering applications. An attempt to do
this during the present contract was unsuccessful when the resulting version

of the code proved to be nonconvergent. The principal difficulty seemed to

involve the question of how to properly treat the vortex sheet (circulation

distribution) in the region behind the fuselage.

Finally, there exists the problem of improving flowfield and geometry
resolution around the fuselage. A method for accomplishing this, depicted in

Figure 13, involves a two~coordinate formulation in which the present

R Tt o o ey A e o i

coordinate arrangement is retained about the wing and better-suited
coordinates -- perhaps, a simple stretched, cartesian system =-- are introduced
in a vertical slab whose width coincides with that of the fuselage. This

scheme would require interpolation within an overlap region (possibly, only a




single plane) common to both coordinate systems. In order to conveniently

accommodate the two-coordinate formulation, it may be preferable to revise the
computation strategy such that the domain 1is swept by wing-section planes
beginning at spanwise infinity and wmoving to the wing/body centerline. The

vertical-line sweep in each section plane would begin at the upstream boundary

and proceed to the downstream boundary.

The baseline computer program described in Appendix A, when modified as
discussed above, is expected to provide a framework for treatment of complex

wing/body configurations. Further extension to include add-on components such

as nacelles, stores, or additional lifting surfaces should be possible also.

Crosspiane Planform

GP11 05278

Figure 13. Two-grid arrangement for wing/body flow
analysis.
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APPENDIX A. USER’S GUIDE TO COMPUTER PROGRAM

A computer program based on the formulation presented in the main body of
this report is listed in Appendix B. The subroutine structure of the program
is shown in Figure Al, and a summary of subroutine functions 1s given in Table
Al. The code has been run on a Control Data CYBER 175 computer with an FTN
compiler. As dimensioned, it requires 260k (octal) storage locations to load
and execute. The present form of the program does not use peripheral storage

devices.

The solutions presented in this report have been computed on a single
grid. Some logic is contained in the code to permit a calculation to be made
on a series of progressively finer grids, but it has not been fully
implemented. In particular, subroutine HALFS interpolates the potential array
P(1,J,K) from an initial grid onto one that is half-spaced in each coordinate
direction of the computational domain. The interpolated array is then used as
the starting solution for continuation of the relaxation process on the new
grid. Input parameter NHALF specifies the number of grid-halving cycles to be
performed. Full implementation of this capability will require that the array
P(1,J,K) be transferred to disk storage and that provision be made for a
sequential, plane-by-plane transfer of P(I,J,K) values into central memory to

coincide with each relaxation sweep through the computational domain.

Figure 1 defines the class of wing/body geometries that can be
represented by the program. Input data are smoothed to ensure that the wing
leading and trailing edges are piecewise straight lines. One break (kink) is
permitted in each edge but need not be present. If both leading- and
trailing~edge breaks occur, they may be at different spanwise positions.
Although the formulation outlined in Section 2.0 places no restriction on wing
attachment to the fuselage, code logic assumes that the horizontal mid-plame
of the grid (z = 0) coincides with the maximum width position on the
fuselage. Combined with the specification of circular fuselage cross-
sections, this computational arrangement effectively limits application to
mid-wing configurations at present. This restriction can be removed by

incorporating a two-coordinate formulation as discussed in Section 5.0.
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Figure Al. Subroutine structure of the wing/body program.




TABLE Al. SUBPROGRAM LIST

NAME FUNCTION
MAIN Reads input data; controls overall program togic
HALFS Interpolates solution arrays onto a half-spaced grid. {Has not been verified.)
GRID Defines computational grid; calculates wing configuration data at spanwise grid stations
GEOM Calculates wing/body coordinates and slopes at planform grid stations in the physical domain

ASPLINE } Parameterizes input geometry data in terms of arc fength afong the curve prior to sptine interpolation

SSPLINE Interpotates input geometry data

PROFL Calculates geometry-defining quantities in the computational domain

COEFF Calculates fixed quantities which appear in the finite-difference equations

IN(T {nitializes solution arrays

SOLVE Executes one refaxation sweep of the computation domair; updates the circulation distribution and
sofution boundary values

FARBC Computes the Trefftz-plane boundary condition

SURFBC Calculates boundary values at control points on the wing/body surface
SURFSC {Entry) calculates boundary values at side-edge points of the configuration
SYMBC {Entry) Calculates image values at the wing/body symmetry plane

TRICOE Calculates coetficients of the finite-difference potential equation at grid points along a specified vertical
grid-line segment

TRIT {Entry) calculates coefficients of the finite-difference downwash equation in the Trefftz plane
INVERT Soives the finite-difference potential equation along a vertical grid-hine segment to obtain updated solution values

MAXI Determines the maximum potential-value increment along a specified vertical grid-line segment between the
_current and preceding refaxation sweeps

ARBAYS ; Prints out solution arrays to specified iteration intervals: circulation distribution, potential distribution,
surface boundary values and associated \mage-point values, symmetry-plane image-point values. {Used mainly
for diagnostic purposes.)

CPCOMP | Calculates and writes the pressure-coefficient distribution on the wing/body surface

GP03-1190.1

Table A2 summarizes the sequence and format of input data required by the
program. Data categories are as follows:
® case title,
computational grid parameters,
code execution parameters,
case specification (Mach number, angle of attack),

fuselage configuration data, and

wing configuration data.
Suggested values for grid and execution parameters are included in the
table. Also given are parameter-value limits imposed by current code

dimensions.
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TABLE A2. GLOSSARY OF INPUT DATA.

CARD {COLUMNS | VARIABLE EXPLANATION
1 1-80 TITLE Case title {(written to output)
2 1-10 NXI Number of chordwise grid steps at start of calculation. Maximum: 48
11-20 A1l X ~ £ stretching constant in Eq. (3b). Suggested value: 0.16
21-30 A2 X — £ stretching constant in Eq. {3bl. Suggested value: 2.75
31-40 X10 Stretching transition point of £ — ccordinate: see Figure 2. Ratio XtO/ {1 + X10}

determines fraction of chordwise grid steps which occur on each w'ng-section chord

41-50 XCAPO Stretching transition point of X-coordinate; see Figure 2. Must be inside wing-section
edge. Suggested value: 0.495

3 1-10 NETA Number of spanwise grid steps at start of calculation. Maximum: 18 :
11-20 B1 Y — nstretching constant in Eq. (5b}. Suggested value: 0.16 i
21-30 82 Y — M stretching constant in Eq. (5b). Suggested value: 2.75 |
3140 ETAO Stretching transition point of 7 — coordinate; see Figure 2. Rato ETAO(1 + ETAOD) i

determines fraction of spanwise grid steps which accur between the wing/body
symmetry ptane and the wingtip.

41-50 YCAPO Stretching transition point of Y-coordinate; see Figure 2. Must be nside wingtip.
Suggested value: 0.499395

4 110 NZETA Number of grid steps in vertical direction at start of calculation. Maximum: 24
11.20 (o} Z — {stretching constant in Eq. {7). Suggested value: 0.45
5 110 ITERM Maximum number of iterations to be executed on the imitial grid
11-20 NHALF Number of grid-haiving cycles. Set NHALF O for single-grid calculation. (Note:
Subroutine HALFS has not been fully venfied.}
21.30 NPRINT Iteration frequency for execution of subroutine ARRAYS, which prints complete

solution arrays for diagnostic purposes. If NPRINT - 0, only the circulation distribution
1s printed upan completior of the relaxation procedure. 1f NPRINT > ITERM, complete
solution arrays are printed after the relaxation precess.

6 110 WE Relaxation parameter for potential ar elhptic field points. Suggested vaive: 1.70
11.20 WG Relaxation parameter for circutation. Suggested value: 1.00
2130 DPLIM Convergence cut-off imit for maximum potential-value increment between successive

iterations. Sugaested value 104

3140 EPSI Damping factor 1n potential difference equation used at hyperbofic freid pomts.
Suggested value 0.00, increase f instability occurs

7 1-10 ZMACH Freestream Mach number
11.20 ALPHA Angle ot attack ot the wing reference plane (in degrees)
8 110 NF Number of tuselage coordinate sets to be read from the following cards (one XF, ZF,

RF set per card)

1TNF 110 XF x coordinate along fuselage beginning at nose, see Figure 1
1120 b43 z-coordinate of fuselage side-profile reference line; see Figure 1
2130 RF Fuselage crossplane radius; see Figure 1
9 110 JSECT Number of wing-section data sets to be read subseaquently. Maximum 5
1120 JBL Sequence number of wing data set at break in leading edge. f no break exists, set JBL - 0.
21 30 JBT Sequence number ot wing data set at break in trailing edge. If no break exists, set JBT 0.
The fust card uses alphanumeric format 20A4. Ali remaining cards use GP1Y 0627 7

repeated floating-point format 8F 10.5. Conversion of data 1o integer
mode 15 performed within the program as required

43
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TABLE A2. (CONTINUED) GLOSSARY OF INPUT DATA

. CARD | COLUMNS| VARIABLE EXPLANATION
k 10 1-10 YS Spanwise station of wing section
11-20 XLES x-coordinate of wing-section leading edge
21-30 ZLES z-coordinate of wing-section leading edge
31-40 o Wing-section chord length
41-50 ATS Wing-section twist angle relative to wing reference plane {in degrees)
51-60 TS Wing-section thickness-to-chord ratio
61-70 FS Repeat indicator. If FS = 0, wing-section coordinate data from the previous span station

is used; the next card specifies parameters for the wing seéction at the next span station
{go to Card 12). if FS = 1, coordinates for a new section profile are read from the
following data cards.

2 1 1-10 NSU Number of wing-section upper-surface coordinate sets to be read from the following
cards (one XSU, ZSU set per card)
. 11-20 NSL Number of wing-section lower-surface coordinate sets to be read from the following
cards {one XSL, ZSL set per card)
21-30 KSYM Wing-section symmetry indicator. |f KSYM = 0, the section is asymmetric; both upper-

and lower-surface coordinates must be given. If KSYM = 1, the section is symmetric, and
only the upper-surface coordinates are required.

1-NSU 1-10 XSuU Upper-surface coordinates of wing section from leading to trailing edge. One set
11-20 2su per card

1-NSL 1-10 XSL Lower-surface coordinates of wing section from leading to trailing edge. One set per card.
11-20 ZSL (Required only if KSYM = ()

12 - -~ Repeat of Data Card 10 for the next wing section

13 - - Repeat of Data Card 11 and data sets 1-NSU and 1-NSL for the wing section defined by

Data Card 12. (Required only if FS = 1 on Card 12)
14-15 - - Up to three additional wing-section definition cards and coaordinate data sets. Total number
:g-:; - - of data sets must correspond to JSECT on Data Card 9.

GP03-1180-21

Fuselage data consist of sets of side-profile reference-line coordinates
and crossplane radii given at streamwise stations beginning at the nose and
proceding aft. These data are spline interpolated to obtain required values
at grid-point stations. Along a constant-radius segment of the fuselage, a
number of values must be given to ensure accuracy of the spline fit, and the
data must be more closely spaced near the ends of the segment than in its
central region. A final table value at streamwise location XF > 25 is

required to specify the semi-infinite fuselage length.

Wing data are read section~by-~section beginning at the wing root and
moving outboard to the wingtip. In the data set for each section, the first
card specifies section properties: spanwise position, leading-edge

coordinates, chord length, twist angle relative to a horizontal reference




S

T

line, thickness-~to-chord ratio, and an indicator flag to designate either that
new profile coordinates are to be read or that the previous section profile is
to be repeated. The next card specifies the numbers of coordinate pairs in
the upper- and lower-surface data tables for the section and an indicator flag
to designate whether éhe section is symmetric or asymmetric. Next, if a new
section profile is beiqg given, the upper-surface coordinate pairs of the
profile are read proceeding from leading edge to trailing edge, followed by
the lower-surface coordinate pairs in the same order. If the profile at the
new section is identical to that of the previous section, surface-coordinate
data are read internally by the program and need not be repeated in the input
data list. Also, if a section profile is symmetric, only the upper-surface
coordinates are required in the input data set; the lower-surface coordinates

are set within the program.

The code provides the following tabular output:

input data listing,
® computational coordinates, stretching derivatives and grid benchmark
values,
e wing configuration data at grid statioms,
® maps of surface~adjacent grid points (upper surface, lower surface,
side edge in planform view),
® iteration summary,
e final circulation distribution,
® detailed solution arrays (if requested), and
® pressure-coefficient and surface-slope distributions.
The input listing, coordinate tables, and wing data provide a check of problem
set-up. The grid-point maps define the wing/body configuration in the
computational domain. The iteration summary printed after each complete
relaxation cycle lists the value and location of the maximum potential
increment between the current and previous iterations, the number of
supersonic points detected, the current wing-root value of circulation, and
information about the embedded iteration process required to update the
Trefftz-plane boundary condition. The solution arrays, when requested via
input parameter NPRINT, include the complete potential array as well as

control-point and image-point potential values which arise in the numerical

application of the surface boundary condition. These array print-outs are




useful mainly for code diagnostic purposes. Finally, in addition to the
pressure-coefficient distribution, both prescribed surface slopes and velocity
slopes calculated from the converged potential field are printed to provide an

accuracy check on the surface boundary conditions.
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