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gages were operative in all of the shots. It can be seen
from the table that pressures of considerable significance
(several hundred psi) occur a foot away from the cavity
center.

wing sweep, finite length body of noncircular cross sec-
tion, and arbitrary wing placement; however, these exten-
sions involve a considerable increase in complexity of the
problem.
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Computation of Transonic Flow about
Lifting Wing-Cylinder Combinations

E. B. Klunker* and P. A. Newman*
NASA Langley Research Center, Hampton, Va.

SUCCESSFUL development of relaxation algorithms for
the computation of inviscid potential flow about two-di-
mensional airfoils and bodies of revolution at transonic
speeds1"8 has led to adaptation of the technique to more
complex configurations. Three-dimensional wing calcula-
tions based upon a small disturbance potential equation
have been presented in Refs. 9-13 and calculations for a
yawed wing with the full potential equation are described
in Ref. 14. To date, the' only published results for a wing-
body configuration are for a nonlifting wing with a cylin-
drical body.12 Some results are presented here for a lifting
rectangular wing centrally located on a circular-cylindri-
cal body. This simple configuration has been utilized in
order to assess the merits of a mapping technique for
wing-body configurations.

Two general approaches can be followed in the formula-
tion of these problems: 1) employ Cartesian (or other sim-
ple) coordinates which preserve the utmost simplicity in
the governing differential equation but which generally
necessitate interpolation or extrapolation to incorporate
some of the boundary conditions, or 2) utilize coordinate
transformations which simplify specification of the sur-
face boundary conditions but which generally increase the
complexity of the differential equation. The first tech-
nique has been used in Ref. 15 for a two-dimensional
time-dependent computation while the second has been
widely employed in fluid mechanics and other fields. A
combination of the two approaches will most likely be re-
quired for all but the simplest configurations. The proce-
dure employed here makes use of a coordinate transforma-
tion to simplify specification of the surface boundary con-
dition in the computation of the flow about a rectangular
wing symmetrically located on a circular-cylin-
drical body. The method can be extended to incorporate

Method

One of the simplest wing-body configurations which can
be reduced to a simple form by a coordinate transforma-
tion is that of a cylindrical body with the wing plane pass-
ing through the body axis. A Joukowski-type transforma-
tion in planes normal to the body axis

where c is a constant, maps the circular cross section yc
2

+ zc
2 = c2 (y = yc, 2 = zc on c) and the plane z = 0 for

\y\ > c onto the plane zi = 0. If the body radius does not
differ appreciably from c, then the boundary condition of
zero normal velocity both on the wing and on the body
can be enforced on the plane z\ - 0. Moreover, the
boundary condition on the trailing vortex sheet, which is
assumed to lie in the plane of the wing, is similarly satis-
fied on the plane 21 = 0. The condition that c is a con-
stant preserves the orthogonality of the coordinates but
excludes consideration of bodies of finite length. The body
radius r0 can depend both on x and the polar angle 6 =
arctan (z0/y0(\ however, one-to-one correspondence be-
tween the coordinate systems x,y,z and #1,3/1,21 requires
that r0 > c. Thus the boundary-value problem for this
simple wing-body configuration in the # 1,3/1,21 coordinates
is similar in most respects to that of a wing alone in Car-
tesian coordinates.

The equation for the pertubation velocity potential used
here is

[/32 - (y - 0 (2)
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where Moo is the stream Mach number, /32 = 1 - Mm
2,

and 7 is the ratio of specific heats. Equation (2) differs
from the familiar form of the small disturbance transonic
flow equation by inclusion of the term <j>x

2(}>xx which has
been retained to better approximate the critical speed
where the equation changes type from elliptic to hyper-
bolic.

The flow tangency condition on the wing is approximat-
ed by

(3)

for x,y on the wing planform where z = f(x,y) is the equa-
tion of the wing surface and a is the angle of incidence. It
may be noted here that taking the surface boundary con-
dition as 4>z(x,y,Q) = [1 + 0*(*,y,0)]/x - a generally leads
to results where the full expansion around the blunt lead-
ing edge of an airfoil is not achieved. The flow tangency
condition for a body of revolution is approximated by

(4)

Additional terms involving (dr0/dd) must be included in
Eq. (4) for bodies of noncircular cross section. The bound-
ary condition on the trailing vortex sheet, assumed to lie
in the plane of the wing z = 0, is

for x,y on the sheet; the circulation T(y) is determined as
part of the solution.

The disturbance velocity potential must vanish far from
the wing-body configuration and its trailing vortex sheet.
Thus, 0 = 0 on the outer boundary surfaces except those
far upstream and far downstream in the vicinity of the
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Fig. 1 Computed surface pressure coefficients for subcritical

flow.

body and vortex sheet. At each of these limits the differ-
ential equation reduces to the two-dimensional Laplace
equation which is solved subject to the surface boundary
condition on the body, the jump condition on the vortex
sheet, and 0 = 0 on the outer boundary. In the present
computations, these conditions have been imposed at a
finite distance upstream and downstream of the wing as
well as in the spanwise direction, since the xi and y\ coor-
dinates have not been stretched. However, a coordinate
stretching has been employed for the Zi coordinate which
maps | zi| < °° into a finite domain.

Line relaxation (along lines for which xi and 3/1 are con-
stant) is used to solve the finite-difference approximation
to Eq. (2). Three-point central differences are used for
computing all velocity components as well as the second
derivatives of </> at subsonic points. Jameson7'14 has ana-
lyzed iterative solution algorithms of mixed-type finite-
difference equations which arise in transonic flow and has
shown that great care must be taken to insure a proper
domain of dependence and iterative stability (von Neu-
mann criterion) at places where the flow is locally super-
sonic. The direction in which a line-relaxation calculation
proceeds through the computational grid must be consid-
ered in the stability analysis and this aspect introduces
differences between two-dimensional and three-dimen-
sional finite-difference operators for a line-relaxation algo-
rithm. These ideas have been incorporated in the program
outlined here but space limitations preclude elaboration
of details. As in Ref. 10, the circulation is relaxed after all
lines have been updated.

Results

Chordwise pressure distributions computed from the
present small-disturbance program for subcritical flow at
Mco = 0.6 and 2° incidence are compared in Fig. 1 with re-
sults from a linear-theory program16 and from a full po-
tential-equation program14 for the wing alone. The value

of Cp* shown by the tick mark in the figures corresponds
to the condition where the coefficient of <f)xx in Eq. (2)
vanishes and consequently differs slightly from the exact
sonic value. The pressure distribution shown for the wing
alone (Fig. la) is at the root section of a rectangular wing
of aspect ratio = 32/9 which has a NACA 63A006 airfoil
section. All three computations are in good agreement. In
Fig. Ib, pressure distributions from the present program
are compared with those from the Woodward program16 at
several wing and body locations which are indicated at the
bottom of the figure. The wing and flow conditions are the
same as those for the wing alone but with a cir-
cular-cylindrical body of radius 1/10 semispan. Note that
the Cp scale for the body results in this figure differs from
that used in all other figures. The agreement between
these linear and relaxation calculations is good, indicating
little nonlinear effects at this Mach number.

Similar computations for supercritical flow at M =0.9
and 2° incidence are shown in Fig. 2. The present results
for the wing alone are compared with those from the Jam-
eson program14 at the root section in Fig. 2a. The shock
locations on both the upper and lower surfaces differ by
one mesh space; however, the agreement is generally good.
It should be noted that the computational grid for the
present results is substantially coarser than that used in
the program of Ref. 14. Surface pressures from the present
relaxation calculation at several locations on both the wing
and body, are shown in Fig. 2b. No other results were
available for comparison.

The results indicate that useful three-dimensional com-
putations can be obtained with a small disturbance equa-
tion. A disadvantage of these equations, however, is a sen-
sitivity of the solution to the grid, particularly in the re-
gion of a blunt leading edge. Thus some experimentation
in the choice of the coordinate lattice may be required to
achieve best results. Comparisons with computations
based on the full equations are valuable for this purpose.
This "tuning" of the computational grid may seem incon-
gruous in view of the fact that the assumptions of small
disturbances are violated there. Nevertheless, it provides
a means for obtaining acceptable results for blunt leading-
edge configurations using approximate equations.

The cross-flow mapping employed to simplify specifica-
tion of the boundary conditions on the body caused no ad-
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ditional difficulties. Adaptation to more complex configu-
rations such as a finite-length body, general body cross
section, and arbitrary placement of a swept wing on the
body will entail considerably more complexity than that
required for this simple configuration; however, the gener-
al approach appears to hold merit.
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