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Accelerated Iterative Calculation of Transonic
Nacelle Flowfields

D.A. Caughey*
McDonnell Douglas Corporation, St. Louis, Mo.

Antony Jamesont
New York University, New York, N.Y.

A method is presented for the calculation of inviscid, supercritical flowfields about axisymmetric inlet cowls.
A finite-difference calculation is performed in a simple, rectangular domain obtained from the nacelle geometry
by a nearly conformal mapping procedure. Type-dependent finite differences are constructed using a coor-
dinate-independent, ‘‘rotated’’ differencing scheme. Methods of accelerating convergence of the iterative
solution are demonstrated including a hybrid fast-Poisson-solver/relaxation scheme and an extrapolated
relaxation procedure. Calculated pressure distributions are compared with experimental data for a variety of
Mach numbers and mass flow ratios, and show generally good agreement.

Introduction

N recent years, finite-difference methods have been suc-

cessful in predicting the inviscid, supercritical flowfields
about increasingly complex configurations of aerodynamic
interest. Murman and Cole' - originated the idea of type-
dependent differencing for transonic flow  calculations,
applying the technique to the airfoil problem using the
transonic small-disturbance equation. The airfoil problem
was treatéed using the full potential equation by Korn and
Garabedian? and by Jameson,® who also included bodies of
revolution. Ballhaus and Bailey* have treated three-
dimensional wings within the framework of small-disturbance
theory, and Jameson® has treated the same problem using the
full potential equation, introducing a “‘rotated’’ differencing
scheme to allow greater freedom in the choice of coordinate
grids.

We are concerned here with the application of these
iterative, finite-difference techniques to the calculation of the
transonic flowfield about an inlet cowl, or nacelle. This
problem has been treated by Colehour,® who used the in-
compressible streamlines to generate a coordinate system.
This simplifies the construction of a stable iterative scheme
but introduces a singularity that forces the compressible and
incompressible stagnation points to coincide. An analysis also
has been given by Arlinger.” He used a sequence of con-
formal mappings to generate a rectangular computational
domain and a relaxation scheme to solve the system of
equations resulting from a -finite-difference approximation
which an upwind bias which was introduced in the local flow
direction at supersonic points. ‘

Our approach is similar in concept to Arlinger’s; however,
there are two main differences. First, our calculations are
performed in a slighly nonorthogonal coordinate system that
is obtained from the nacelle geometry much more simply by a
slight shearing of a simple, analytically performed conformal
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mapping. Second, we have demonstrated several methods of
accelerating the convergence of the iterative scheme for
solving the finite-difference equations. These methods are
particularly useful if convergence to very small residuals is
desired. )

The geometry of the problem under consideration is shown
in Fig. 1. The nacelle is treated as a semi-infinite body, ex-
tending to -downstream infinity as a tube of constant wall
thickness. The inside cross-sectional area at infinity is denoted
by Acf; the reference area of the nacelle, taken to be that
defined by the leading-edge radius, is denoted by A4,,, and the
capture area is denoted by A,. The conventionally defined
mass flow ratio is given by A,/A,,. The freestream is assumed
to be uniform at infinity outside the nacelle, having a Mach
number M, and again uniform in the axial direction at
infinity inside the nacelle, with velocity (1+k) that of the
freestream. '

Analysis
Potential Equation

The analysis here is based upon the potential equation for
steady flow, which is accepted as an accurate approximation
to the Euler equations of inviscid flow in the absence of strong
shock waves. Furthermare, our analysis is based upon dif-
ferencing this ‘equation in nonconservative form. This ap-
proach does not yield the proper jump conditions across
shocks appearing in the solution,®® but results obtained from
such calculations generally agree well with experimental data,
probably because the error thus introduced tends to be
cancelled by that resulting from neglect of the shock-
wave/boundary-layer interaction,'® for which no satisfactory
solution yet exists. In the present analysis, no account is taken
of the displacement effect of the boundary layer. When a
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Fig.1 Definition of geometry.
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conservation form of the equation is used, it is generally more
important to account for boundary-layer displacement ef-
fects, especially in the vicinity of shock waves.

In cylindrical polar coordinates, the equation for the
velocity potential ¢ describing axisymmetric, steady flow can
be written as

(a2——u‘?)¢xx—2uv¢x,+(az—vz)dJ,, +(12U/"=0 (1)

where u=¢,, v=¢,, and a is the local speed of sound,
determined from the energy equation

@ =al—(y—1) (W’ +v?)/2 2)

where v is the ratio of specific heats for the assumed
calorically perfect gas, and a, is the stagnation speed of
sound. On the axis r=0, Eq. (1) is singular, and we must use
the fact that

v=0+r¢, +0(r?)
to arrive at the special form
(aZ _u2)¢xx +202¢,-,-=0 (3)

The equation is to be solved subject to the boundary con-
ditions that

u—1
s asx?+ri—o (4a)
v—0
outside the nacelle, and that

u—Il+k,v—0 (4b)

inside the nacelle at the compressor face. The parameter £ is

related to the mass flow ratio Q=A,/A, by the implicit
formula

k= (Ap/Ag) QU= (y—1)MZ (2k+Kk?) /2] 7171 =1 (5)
which is obtained using the isentropic relations.

The velocity potential is singular at infinity outside the
nacelle. To remove this singularity, the contribution of the
uniform stream is subtracted out, and a reduced potential G is
defined such that

G=¢—-x ©6)
The boundary condition inside the nacelle, Eq. (4b), is applied

at a finite distance representing the compressor face. The
equation for the reduced potential is thus

(@> —u?)Gy = 2uvG,, + (a° —v?)G,, +a’v/r=0 )
where now u=G, + 1, v=G,, and, on the axis,
(@’ -u’)G +24°G,, =0 8)

On the axis of symmetry, we also must apply the boundary
condition

G,=0 ©

and, at points lying on the body surface, the inviscid bound-
ary condition requires

v/u=tané, 10$)

where 0, is the local body inclination angle relative to the x
axis.
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Geometrical Considerations

The numerical calculation is performed on a rectangular
domain, obtained from the original coordinates in -the
physical plane by a series of transformations. We denote the
variable in the physical plane as z=x+ir, where x,r are the
axial and lateral variables, respectively, in any azimuthal
plane, and the coordinates are scaled such that point (1,7) lies
just inside the leading edge of the nacelle. The region outside
the nacelle surface first is mapped to an infinite strip of slowly

" varying width by the conformal transformation

z=Z—exp(—2) (11)

If we denote the real and imaginary parts of Z by X and Y,
respectively, then the width of the strip in the Y direction is
nearly equal to w, while the limit as X— — o corresponds to
infinity in the physical plane outside the nacelle, and the limit
as X + oo corresponds to infinity in the physical plane inside
the nacelle.

In order to provide a simple, rectangular domain for the
numerical calculation, the width of the strip is next made
constant by the shearing transformation {¢ =X, n=Y/S(X),
where S (X)) is the width of the strip as a function of X, which
can be calculated from the nacelle coordinates and the
transformation according to Eq. (11). Setting T(X)=1/
S(X), the equation for the reduced potential in this coor-
dinate system becomes

(@ = U?) Gy + [2xa® —2UV1Gy, + [a? (nx? +T7)
—V21G,, + [nxx (&> =U?) =2UVT'1G,
+P(U? —V?) +20VQ — [(U? + V) /h] [(R? +P)U

+OV]—[@’h/(Y+Q) ] IQU—(1+P)V]I=0 (12)

where
U=[G:+n(T"/TYG,+1+Pl/h (13a)
V=I[TG,+Ql/h (13b)
and
V=TV+ Uy (13¢)

Here P and Q are the real and imaginary parts of exp (—Z2),
respectively, R =exp(— X), and

dz |2 '
hzz‘ﬁ_zz_ =1+2P+R?

The body boundary condition, Eq. (10) in this coordinate
system, becomes
G - Q—-Sx(G; +1+P)
" T(1+5%)

(14)

to be applied along the line n=1.

Two final transformations are performed before the
equation is cast in finite-difference form for solution. First, to
remove the exponential behavior as X— —o, we define
{=X—exp(— X). Then, to reduce the computational domain
to a finite rectangle, we introduce the stretched coordinate X
according to ’

c=B(X-C)/(1-X")1 15)

whence X — +1 corresponds to X— + oo, i.e., infinity inside
and outside the nacelle, respectively. A uniformly spaced,
finite-difference grid is set up in the (X, 5) plane spanning the
region —1<X=<1, 0<y=1, which corresponds to the entire
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physical plane exterior to the nacelle surface. The constants
A, B, and C are chosen to concentrate the mesh points in
regions of high gradients. The distribution of mesh points in
the vicinity of the nacelle lip is shown for a typical case in Fig.
2 for a grid containing 256 cells.

Finite-Difference Formulation

In the coordinate system developed in the preceding section,
the flow is not always aligned, even approximately, with one
of the coordinate directions. Therefore, a coordinate-
invariant differencing scheme.is required which always adds
the artificial viscosity in a direction parallel to the velocity
vector at supersonic points. Such a scheme has been developed
by Jameson® and is the one we use. At supersonic points, the
principal part of Eq. (12) is rewritten as

aann+ (a2_q2)Gss=0 (16)

where n and s représent derivatives in the directions normal
and parallel to the local velocity vector, and ¢ is the
magnitude of the velocity. In terms of the original coor-
dinates,

& 2, 3
Gnn = GEE + (—]3 (q Mx — UV) Ggy,
1 _
+ 7 (¢° (0% +T?)-V?1G,, (17a)
U? 20V V?
Gss = q2 Ggg + q2 Gfﬂ + qz G’!’/ (l7b)

Upwind difference formulas then are used to represent the
contributions to G, while central difference formulas are
used to evaluate contributions to G,,,.

The resulting difference equations can be solved by
relaxation. In contrast to the simpler upwind difference
schemes that can be used for the small-disturbance equations,
however, the solution in the supersonic zone no longer can be
obtained by marching, and special care is required in the
construction of the iterative scheme to insure convergence.
For this purpose, it is useful to regard the relaxation scheme
as a discrete approximation to a time-dependent process, with
the iterations as time steps. After dividing by @7, the principal
part of the equivalent time-dependent equation can be written
as

G, + (1-M?*)G,; —2aG,, —2BG,, —26G, =0 (18)
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Fig.3 Computational domain, showing schematic streamlines.

where M is the local Mach number g/a, and the values of
a,B3,6 depend upon the particular combinations of old and
updated values of G used in the difference formulas. Then o
should be positive so that the cone of dependence lies up-
stream of the #-t plane and behind the s-n plane. Also, to
insure that s remains the timelike direction in the equivalent
unsteady problem, « should satisfy the compatibility con-
dition® o? >B? (M? —1). Larger values of « lead to a more
stable iteration but generally slower convergence. Finally, a
local von Neumann test indicates that & should be zero at
supersonic points. At subsonic points, however, 6 must be
nonzero to provide the damping required for convergence of
the successive overrelaxation scheme for elliptic operators.
Two alternative line-relaxation schemes incorporating these
ideas were tested. In the first scheme, the equations are in-
verted simultaneously along lines of constant X, sweeping the
field to the right for lines intersecting the inner nacelle surface
and to the left for lines intersecting the outer nacelle surface
(see Fig. 3). This is necessary to avoid sweeping in the up-
stream direction at supersonic points, which are assumed to
lie near the nacelle surface. In the second scheme, the
equations are inverted simultaneously along lines of constant
7, and the field is swept from the axis of symmetry to the
nacelle surface. In general, it was found that the -line scheme
converged somewhat faster than the X-line scheme in the pure
relaxation mode, whereas the X-line scheme seemed
preferable in the hybrid method described in the next section.

Fast Iterative Schemes

The line overrelaxation schemes described in the previous
section have the advantages of being quite stable and rapidly
eliminating large errors in the initial estimates for the
potential field, but their rates of convergence decrease as the















